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FOREWORD 


INTRODUCTION 


This is one of a group of handbooks covering 
the engineering information and quantitative 
data needed in the design and construction of 
military equipment, which (as a group) con- 
stitutes the Army Materiel Command Engineer- 
ing Design Handbook Series. 


PURPOSE OF HANDBOOK 


The handbook on Servomechanisms has been 
prepared as an aid to designers of automatic 
control systems for Army equipments, and as a 
cuide to military and civilian personnel who are 
responsible for setting control-system specifica- 
tions and ensuring their fulfillment. 


SCOPE AND USE OF HANDBOOK 


The publications are presented in hand- 
book form rather than in the style of text- 
books. Tables, charts, equations, and biblio- 
graphical references are used in abundance. 
Proofs and derivations are often omitted and 
only final results with interpretations are 
stated. Certain specific information that is 
always needed in carrying out design details 
has, of necessity, been omitted. Manufac- 
turers’ names, product serial numbers, tech- 
nical specifications, and prices are subject to 
great variation and are more appropriately 
found in trade catalogs. It is essential that 
up-to-date catalogs be used by designers as 
supplements to this handbook. 


To make effective use of the handbook dur- 
ing the design of a servo, the following proce- 
dure is suggested. The designer should turn 
first to Chapters 16 and 17 where design 
philosophy and methods are discussed. Im- 
plementation of the design procedure may 
require a review of certain theoretical con- 
cepts and methods which can be achieved 
through reference to Chapters 1 through 10. 
As the design proceeds, a stage will be 
reached at which the power capacity of the 
output member has been fixed. Reference to 


Chapters 14, 15, and 16 will then illustrate 
the salient features of output members hav- 
ing the required power capacity. After the 
designer has chosen the output member, he 
will find the information dealing with sensing 
elements and amplifiers (Chapters 11, 12, 
and 13) helpful in completing the design. 


FEEDBACK CONTROL SYSTEMS AND 
SERVOMECHANISMS 


Servomechanisms are part of a broad class 
of systems that operate on the principle of 
feedback. In a feedback control system, the 
output (response) signal is made to conform 
with the input (command) signal by feeding 
back to the input a signal that is a function 
of the output for the purpose of comparison. 
Should an error exist, a corrective action is 
automatically initiated to reduce the error 
toward zero. Thus, through feedback, output 
and input signals are made to conform essen- 
tially with each other. 


In practice, the output signal of a feedback 
control system may be an electrical quantity 
such as a voltage or current, or any one of a 
variety of physical quantities such as a linear 
or angular displacement, velocity, pressure, 
or temperature. Similarly, the input signal 
may take any one of these forms. Moreover, 
in many applications, input signals belong to 
one of these types, and the output to another. 
Suitable transducers or measuring devices 
must then be used. It is also common to find 
multiple feedback paths or loops in compli- 
cated feedback control systems. In these sys- 
tems, the over-all system performance as 
characterized by stability, speed of response, 
or accuracy can be enhanced by feeding back 
signals from various points within the system 
to other points for comparison and initiation 
of correction signals at the comparison points. 


At present, there is no standard definition 
of a servomechanism. Some engineers prefer 
to classify any system with a feedback loop 
as a servomechanism. According to this inter- 


pretation, an electronic amplifier with nega- 
tive feedback is a servo. More frequently, 
however, the term servomechanism is re- 
served for a feedback control system contain- 
ing a mechanical quantity. Thus, the IRE 
defines a servomechanism as ‘“‘a feedback con- 
trol system in which one or more of the sys- 
tem signals represents mechanical motion.” 
Some would restrict the definition further by 
applying the term only to a special class of 
feedback control system in which the output 
is a mechanical position. 


APPLICATION OF SERVOMECHANISMS TO 
ARMY EQUIPMENT 


Servomechanisms are an important part of 
nearly every piece of modern mechanized 
Army equipment. They are used to automat- 
ically position gun mounts, missile launchers, 
and radar antennas. They aid in the control 
of the flight paths of jet-propelled rockets and 
ballistic missiles, and play an important role 
in the navigational systems of those vehicles. 
As instrument servos, they permit remote 
monitoring of physical-and electrical quan- 
tities and facilitate mathematical operations 
in computers. 


No single set of electrical and physiaal re- 
quirements can be stated for servomecha- 
nisms intended for these diverse military ap- 
plications. The characteristics of each servo- 
mechanism are determined by the function it 
is to perform, by the characteristics of the 
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other devices and equipments with which it 
is associated, and by the environment to 
which it is subjected. It will often be found 
that two or more servo-system configurations 
will meet a given set of performance specifi- 
cations. Final choice of a system may then be 
determined by such factors as ability of the 
system to meet environmental specifications, 
availability of components, simplicity, relia- 
bility, ease of maintenance, ease of manufac- 
ture, and cost. Finally, the ability to translate 
any acceptable paper design into a piece of 
physical equipment that meets electrical and 
physical specifications and works reliably 
depends to a great extent upon the skill of 
the engineering and manufacturing groups 
responsible for building the system. The exer- 
cise of care and good judgment when specify- 
ing electrical, mechanical, and thermal toler- 
ances on components and subsystems can 
contribute greatly to the successful imple- 
mentation of servo-system design. 


The handbook on Servomechanisms was pre- 
pared under the direction of the Engineering 
Handbook Office, Duke University, under con- 
tract to the Army Research Office-Durham. The 
material for this pamphlet was prepared by 
Jackson & Moreland, Boston, Massachusetts, un- 
der subcontract to the Engineering Handbook 
Office. Jackson & Moreland was assisted in their 
work by consultants who are recognized authori- 
ties in the field of servomechanisms. 




















PREFACE 


The Engineering Design Handbook Series of the Army 
Materiel Command is a coordinated series of handbooks 
containing basic information and fundamental data useful 
in the design and development of Army materiel and sys- 
tems. The handbooks are authoritative reference books of 
practical information and quantitative facts helpful inthe 
design and development of Army materiel so that it will 
meet the tactical and the technical needs of the Armed 
Forces. The present handbook is one of a series on Servo- 
mechanisms. 

Section 1 of the handbook contains Chapters 1 through 
10, which present feedback control theory as related to 
servomechanisms. This material is a concise summary 
of information on the subject. For this reason, persons 
who are unfamiliar with servomechanisms theory may 
find it necessary at first to acquaint themselves with 
the material included in standard textbooks. The bibliog- 
raphy at the end of each chapter lists applicable textbooks 
and periodicals for additional referencing and research. 

For information on servomechanism components and 
system design, see one of the following applicable sections 
of this handbook: 


AMCP 706-137 Section 2 Measurement and Signal 
Converters (Chapters 11-12) 

AMCP 706-138 Section 3 Amplification (Chapter 13) 

AMCP 706-139 Section 4 Power Elements and System 
Design (Chapters 14-20) 

An index for the material in all four sections is placed 
at the end of Section 4. 

Elements of the U. S. Army Materiel Command having 
need for handbooks may submit requisitions or official 
requests directly to Publications and Reproduction Agency, 
Letterkenny Army Depot, Chambersburg, Pennsylvania 
17201. Contractors should submit such requisitions or 
requests to their contracting officers. 

Comments and suggestions on this handbook are wel- 
come and should be addressed to Army Research Office- 
Durham, Box CM, Duke Station, Durham, North Carolina 
27706. 


111 











TABLE OF CONTENTS 


Paragraph Page 
CHAPTER 1 


PROPERTIES OF FEEDBACK CONTROL SYSTEMS 


1-1 OBJECTIVES OF A FEEDBACK CONTROL SYSTEM 1-1 
1-2 OPEN-LOOP VS CLOSED-LOOP SYSTEM CHARAC- 


TORS EGS) pete shvscosstadoe tarred niente tester gan ekiyon eh ceree'thopaiutedymeat: 1-2 
1-3 STABILITY AND DYNAMIC RESPONSE ..........0000........ 1-2 
1-4 TERMINOLOGY OF FEEDBACK CONTROL SYS- 
DE MES -sscercctticalcteen tse ences aptlt smutntahneMasirctiehn nat eine a ti 1-3 
CHAPTER 2 


DYNAMIC RESPONSE 





2-1 INTRODUCTION: cide) ntubes duet eta bebe ocean: 2-1 

2-2 TIEN TARGA TION «clits sadecnedepu ten ns geese estate eesti 2-1 

2-3 TRANSIENT RESPONSE |e 2-5 

2-4 FREQUENCY RESPONSE ous 2-7 

2-5 FORCED: RESPONSES isccscscotn sete deattas tenes ovhasedicaenieuniade 2-8 

2-6 SLOCHAS TIC: INP OTS  oocsict stesso aati dachatei ae tAioucel titi, 2-8 
CHAPTER 3 


METHODS OF DETERMINING DYNAMIC RESPONSE OF LINEAR SYSTEMS 





3-1 THE DIFFERENTIAL EQUATIONS ......00 3-1 
3-2 FACTORING AND CHARACTERISTIC PARAME- 
TERS OF RESPONSE MODES |... 3-2 
3-2.1 PACTORING © sicahiccatnsst kad cette HN ree ies 3-2 
3-2.2 CHARACTERISTIC PARAMETERS OF RESPONSE 
MODES: 2:4c5.detsvcriciitin tnd ep errr ore tre ee 3-4 
3-2.3 PUIV SU OOP OOY soccer ay ceteaeac steed eae 3-4 
3-2.4 DeCONd: OTder® 2 oi8ii ip tries Gosenecnetinbente sa oaneecis 3-5 
3-2.5 ME IPG OVder ya: 53cit iia uetce iia eae eae Gate eee: 3-5 
3-2.6 FOULEN OPQ Or cigs csi cae dinate deans aa tend eae cles 3-5 
3-3 THE CONVOLUTION INTEGRAL |... 3-11 


» 3-4 LAPLACE AND FOURIER TRANSFORMS .................... 3-12 


Vv 





Paragraph Page 
CHAPTER 3 (cont) 

3-4.1 GENERAL: sacce sa heen ae ase 3-12 
3-4.2 THEOREMS oiocoicccccccccccsccscscevesssesvesesesesesvesesesvsveeveneeee. Sek 3-12 
3-4.3 SOLUTION OF DIFFERENTIAL EQUATIONS ........ 3-13 
3-4.4 FREQUENCY RESPONSE oooooccccccccccsccscecsseseseeseseesseseee 3-17 
3-5 BLOCK DIAGRAMS AND SIGNAL-FLOW GRAPHS .. 3-17 
3-5.1 BLOCK DIAGRAMS ooooocococccccccscsccsscesecsecseseesteseesesteseeseesen. 3-17 
3.5.2 SIGNAL-FLOW GRAPHS ooo.o.cccccccccccecscececeeseeeseeeteee 3-25 
3-6 APPROXIMATE NUMERICAL AND GRAPHICAL 

METHODS OF DETERMINING TRANSIENT RE- 

SOI ee prtaceseharceitee argc sade Poi eisai ted pease dean: 3-34 
3-7 ERROR COEFFICIENTS FOR DETERMINING RE- 

SPONSE TO AN ARBITRARY INPUT ..00occcccee 3-34 
3-8 RESPONSE TO STATIONARY STOCHASTIC INPUTS 3-36 
3-9 USE OF ANALOG COMPUTERS FOR SIMULATION 3-39 

CHAPTER 4 
STABILITY OF FEEDBACK CONTROL SYSTEMS 
4-1 INTRODUCTION oooiocccccccccccecesessssesesseseevsseeesesseeesvsvtevsveveeeseen 4-1 
4-2 ROUTH CRITERION ooooo.0occccccccccccsecscsvssescecseecteeevsveveveevevsee 4-2 
4-3 NYQUIST CRITERION o.o..0.0.cccccccccccccscsescecseesesesteveeseeee: 4-4 
4-4 ROOT-LOCUS METHOD ooooo...occccccccccccccccsescsvecesesesvsveseeesee. 4-7 
CHAPTER 5 
GAIN DETERMINATION 

5-1 PERFORMANCE CRITERIA AND DEFINITIONS ...... 5-1 
5-1.1 GENERAL oooioioociccccccccececesescessveveseseececevesesveveveseseeveveeneeee 5-1 
5-1.2 GIRING ia ssceenintintderidcbastian peat eenSeshavaieeltennoesaaisessastereee 5-1 
5-1.3 VELOCITY CONSTANT ooooooocccccccccccccccsceceescteesttreerctees 5-1 
5-1.4 ACCELERATION CONSTANT ooooooccccccccececerees 5-1 
5-1.5 TORQUE CONSTANT ooo oooccccccccccccscscscevsestesetveeeeseren 5-2 
5-1.6 STATIC - ACCURACY. siesicvencmoniaGeusaamndtsuae: 5-2 
5-1.7 BANDWIDTH ooiocioccccccccccccccecseccececsneseetsvsesstsestesesensnenee 5-2 
5-1.8 PEAK MAGNITUDE ooooooooocccccscscccsccscecseceesescteceeetsseeeeeeves 5-3 


TABLE OF CONTENTS (cont) 











TABLE OF CONTENTS (cont) 


Paragraph Page 
CHAPTER 5 (cont) 
5-2 POLAR-PLANE REPRESENTATION ooo. 5-3 
5-2.1 CORN TGR AL sired cee aha Sica cee eeaehatecasaaiaeeske 5-3 
5-2.2 DIRECT POLAR PLANE ....00000..cecceceeceeeee. 5-3 
5-2.3 INVERSE POLAR PLANK ........000000000ccceeeee eee 5-4 
5-3 EXACT AND ASYMPTOTIC-LOGARITHMIC REPRE- 
SENTATIONS ..0000.000000000000ccccecceeceeeee. rae ere ee ver ere 5-4 
5-3.1 GENER A ir opis ceeds ads od cies 5-4 
5-3.2 SEPARATE MAGNITUDE AND PHASE PLOTS ...... 5-5 
5-3.3 Magnitude Curves 2.00.00... ccc cec esse esses eee eeeeeeeees 5-5 
5-3.4 Phase-Angle Curves .2.00.0...0..00.0ccccccccceeesecescesecseeseeseeseesees 5-7 
5-3.5 GAIN-PHASE PLANE ooo cceee cece 5-10 
5-4 CLOSED-LOOP RESPONSE DETERMINATION .......... 5-10 
5-41 GENERAL: coc cisncites Siete eile Aes 5-10 
5-4.2 POLAR-PLANE TECHNIQUE ...o.w 5-11 
5-4.3 GAIN-PHASE PLANE TECHNIQUE (NICHOLS 
CO cece tat create ten esd actenningerarnt ee taetenet os 5-13 
5-4,4 NONUNITY-FEEDBACK SYSTEMS ..............000.000.0..... 5-15 
5-5 SETTING THE GAIN FOR A SPECIFIED ™,) ................ 5-15 
5-5.1 ION BRA oon eae hisrdsrrarccaueaseesiincadan Welk ade aestasaioneek 5-15 
5-5.2 POLAR-PLANE CONSTRUCTION .....0000000. ee. 5-16 
5-5.3 GAIN-PHASE PLANE CONSTRUCTION .................... 5-18 
5-6 APPROXIMATE PROCEDURKS ..............0...000..::,::.00008. 5-20 
5-6.1 PHASE MARGIN AND GAIN MARGIN .........00.00........ 5-20 
5-6.2 Phase Margin .0o....0..00...oocccccccccccccccccecccueccceveccueeesueceeneees 5-20 
5-6.3 Gail: EAL OI eas ere icc ie eat 5-20 
5-6.4 GENERAL COMMENTS ON THE PHASE-MARGIN 
GRIVERION® sscsitsleorcsssteaciccvtes apenas cehur ses enemyesnnsiatenles 5-21 
5-6.5 APPROXIMATE CLOSED-LOOP RESPONSE ............ 5-21 
5-7 ROOT-LOCUS METHOD 00 5-23 
5-7.1 EIN ais, ese ie caret ss ec cscepncog aes ei tees sande tateeaehoae 5-23 
5-7.2 PROPERTIES OF ROOTS IN THE s PLANE .............. 5-23 
5-7.3 PIPst-Order ROO. 6, ia earnest 5-23 
5-7.4 Second-Order Root 22.00.0000... ecceeeecececeececeeeentaes 5-23 
5-7.5 GAIN DETERMINATION IN THE s PLANE .............. 5-24 


vii 











TABLE OF CONTENTS (cont) 


Paragraph Page 
CHAPTER 6 


COMPENSATION TECHNIQUES 


6-1 INTRODUCTION seccoctuitenecdecsiiatocsiites cis elisearmasat ean tcn tes 6-1 
6-2 RESHAPING LOCUS ON GAIN-PHASE PLANE. .......... 6-2 
6-2.1 GENERALS 2.2 eessrencdut we eee 6-2 
6-2.2 LAG COMPENSA LION ie .cnisrs incest tiem iienteces 6-2 
6-2.3 LEAD COMPENSATION ......... ees 6-4 
6-3 PHASE-MARGIN AND ASYMPTOTIC METHODS ...... 6-6 
6-3.1 GENERALS cierto ne ieee lie 6-6 
6-3.2 LAG COMPENSATION ...............: 00: tenet 6-7 
6-3.3 LEAD COMPENSATION. 0:0 csnaicatiere meas 6-7 
6-4 FEEDBACK OR PARALLEL COMPENSATION ............ 6-10 
6-5 ALTERNATIVE DESIGN METHODS ......000 6-15 
6-6 TYPICAL COMPENSATION NETWORKS ...................... 6-16 
6-6.1 DEC BE WC PREG wiseotence ieee iut ee ee ee eno 6-16 
6-6.2 AZO BIE CT RIC vec cnirteen es aceite eects 6-17 
6-6.3 MECHANICAL DAMPER 0000000 eres 6-19 
6-6.4 HYDRAULIC AMPLIFIER ooo 6-20 
6-6.5 PNEUMATIC CONTROLLER ....oooooo. ee 6-21 
CHAPTER 7 


PERFORMANCE EVALUATION 


7-1 RELATIONS BETWEEN FREQUENCY RESPONSE 


AND TRANSIENT RESPONSE ......0000... cee 7-1 

7-1.1 CNEL AV sac not canbe ae A pene eees 7-1 
7-1.2 CLOSED-LOOP FREQUENCY RESPONSE FROM 

CLOSED-LOOP TRANSIENT RESPONSE .................. 7-1 


7-13 RELATIONS BETWEEN CLOSED-LOOP TRAN- 
SIENT RESPONSE AND CLOSED-LOOP POLE- 
ZERO CONFIGURATION ooo. ccecccccscscsescesscssseteeeseesceseeee 7-17 


7-1.4 RELATIONS BETWEEN OPEN-LOOP FREQUEN- 
CY RESPONSE AND CLOSED-LOOP TRANSIENT 


RESPONSES: tasenscihiedednscdeeoear eee eG ee ohaees: 7-21 
1-2 ERROR COEFFICIENTS .3.3:4cccke tna 7-44 
7-3 PERFORMANCE INDICES 0.00... 7-45 


viii 


TABLE OF CONTENTS (cont) 


9 Paragraph Page 


CHAPTER 8 


OPTIMIZATION METHODS FOR TRANSIENT AND STOCHASTIC INPUTS 


8-1 
8-2 


8-2.1 
8-2.2 
8-3 


8-4 


9-1 
9-2 
9-2.1 
) 9-2.2 
9-3 
9-3.1 


9-3.2 
9-3.3 


9-4 
9-5 


10-1 
10-2 
10-3 
10-4 


CRITERIA OF PERFORMANCE ........00000 ee. 8-1 

OPTIMUM SYNTHESIS OF FIXED-CONFIGURA- 

TIONS Y0 LES MS csectrcvcostasauintaisetaniegtaohtrddyds dai tereenstadainacsi vat 8-2 
TRANSIENT INPUTS ooo. 8-2 
STATIONARY STOCHASTIC INPUTS 0.0... 8-6 


OPTIMUM SYNTHESIS OF FREE-CONFIGURATION 
SYSTEMS WITH STATIONARY STOCHASTIC IN- 
PS reread Fe ohedvau tiagel ede bt ned oso Gaetan ion 8-8 


LIMITATIONS AND APPLICATION PROBLEMS ........ 8-11 


CHAPTER 9 
SAMPLE-DATA SYSTEMS 


GENERAL WR MORY yc dcccsatiecteetis i sensaciiosiadeacoavacous ta: 9-1 
THE z TRANSFORM AND THE w TRANSFORM ........ 9-4 
THE z TRANSFORM oon 9-4 
THE) TRANS BOR per csescctetg tater ent bean aaeietaegeimadens 9-5 
OPERATIONAL METHODS ooo... 9-6 
GTEIN Ry fio seza. tious ta chea the nate areata ge PaccuGtect eta etal 9-6 


BASIC RELATIONS OF SAMPLED FUNCTIONS .... 9-6 
ADDITIONAL PROPERTIES OF SAMPLED FUNC- 


TIONS. cvetitaccae: ihe dese Sete ne es Riera aceon Poin doe ig 9-8 
DESIGN TECHNIQUES ..... ee re ee ee ne reer 9-9 
PERFORMANCE EVALUATION 02... 9-10 

CHAPTER 10 


NONLINEAR SYSTEMS 


INTRODUCTION. chnetecnngheeecivma tect eta ae 10-1 

DESCRIBING FUNCTION PROCEDURES ..................... 10-1 

PHASE-PLANE PROCEDURES |... 10-8 

LIMITATIONS, COMPENSATION, AND OTHER 

VOID 2 Pen cxtastinss conten te thattateg sacl onmnutaveshuancemiandacientinaedeetoeter 10-13 
Ix 











LIST OF ILLUSTRATIONS 


Fig. No. Title 

1-1 Elements of a feedback control system .................00.0.0000..8. 
1-2 Elements of an open-loop control system ....................0..0006. 
1-3 General diagram of a feedback control system ...................... 
1-4 Unity-feedback system main loop ............0....000cccceeccc cece 
1-5 Basic unity-feedback system ....0.......00....0.0ec cece cece eee e ees 
2-1 Speed control of shunt d-c motor ...000..00000.. ees 
2-2 Transient input functiong ........00.00000000000 eect teeters 
2-3 Transient responses for system 


2-4 


3-1 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
3-9 
3-10 
3-11 
3-12 


3-13 


3-14 


3-15 
3-16 


d*x a2x dx dy 
Paes 2 2 — 0 (te eee Te ee eee ery Tee ere 
at’ - dt? a dt - at? 


Straight-line croSSing COUYSE |..2....000oo.i occ cc cece c cece teteeeees 


Exponential functions e* and 1— @7 ooo... 
CUDIC CHAR se hoes eta tena denea Sees eked 
CUBIC CHAPEL oeiecdeieaiasteas essa aera atau en Maeno ode 
UAE CCAP acess ete eee i 
Sketch of the quartic chart ..........00.000000 eee 
Block diagram manipulation and reduction “rules” .............. 
Block diagram examples «2.000.000.0000... cece ee eee eereeee 
Signal-flow graph in three variables ..0..0000.00.000000.. ee. 
Signal-flow graph of order one 2000.0... 
Signal-flow graph of order two oo... ects 
Signal-flow graph showing addition of parallel branches .... 


Signal-flow graph showing multiplication of cascaded 
DEACONESS 2oiercyicee ete haere cat Aneta oes erat: 


Signal-flow graph showing termination shifted one node 
POP WAGs deceit cenetctunece ne acta th atone ate hen ee senian asad 


Signal-flow graph showing origin shifted one node back- 
WA. fovea ctnunetieleetasiarsnduetataatate ad naa tas uananume neuen 


Signal-flow graph showing elimination of a self-loop ............ 


Signal-flow graph showing reduction of second-order graph 


x 


2-6 


3-27 


3-27 
3-28 
3-28 











LIST OF ILLUSTRATIONS (cont) 





Fig. No. Title Page 


3-17 Geometry of general trapezoid for approximating Re 


| 22 GAD 5] PRR Cee Cer nn eee Maa ORI Tee Slee ee ee Me eee TER gee Sree 3-29 
3-18 Real-part function for W(s) = 1.4s + 0.14/(s? + s? + 1.4s 

St OMA ecicse acc tranhem ca trecun arse mssnet an senatns sansa ea lensrnantsautebatescnietsath bate 3-31 
3-19 Trapezoidal approximation for Re[W(jw)] ..........0000.. 3-32 


3-20 Impulse response from Floyd’s method W(s) = 1.4s + 0.14/ 
(s? + 8s? + 1.48 + O14) oo ceecccccceceecceeeneeecernens 3-32 


3-21 Gain-phase loci of constant real part of W = G/(1+-G) 3-33 





3-22 Elements of analog computers ......0.00..00000.. cece cccccecccceceeecceeee ees 3-40 
3-23 Computer diagram for system of Fig. 3-7A .........00000000000008. 3-41 
4-1 Single-loop system — block diagram ..................00.0..ccccccccecee 4-1 
4-2 Locus of s for the Nyquist criterion ....000..000000.. ee 4-5 
4-3 Locus of [A(A + 1)?]-! for A= jw oo ceeeee eens 4-5 
4-4 Distortion of locus of [A(A + 1)2J? oes 4-5 
4-5 Locus of —(= an ae ceseseie Ge tealatp depen i etapa pes atone 4-6 
s\l—s 
4-6 Distortion of locus a) Speen seiasa maces eeceee tne eot aie: 4-6 
s\l—s 

4-7  Root-loci plots .................. Pte acrhc beseech Seanad acai anc att cee ees 4-10 
4-8 Poles for G(s) = 300K/[s(s + 10) (s4+ 30] .......000.. 4-15 
4-9 Asymptotes and real axis behavior for G(s) = 300K/ 

[s(s + 10) (s + 80) J ooo cece cece ceeeeceeesseanetereenas 4-15 
4-10 Construction for determining imaginary axis crossing G(s) 

— 300K/[s(s + 10) (s+ 30)] when 0 < K < @ 0... 4-15 
4-11 Complete root locus for G(s) = 300K/[s(s + 10) (s + 30) ] 

WY OH i a rte a igh htt A tacech aaa bes bheSeinderdaadsens 4-15 
5-1 Single-loop unity-feedback system ......00....0000...c eee 5-2 
0-2 Bandwidth measures from magnitude of closed-loop fre- 

quency response C(jm)/R (JW) oo....coccccccccccccccccecccecteececeeeceueeee 5-2 
5-3. Bandwidth measure from phase of closed-loop frequency 

response C(JW)/R (JW) ooooccccccccccccccccccccccecceceececcceueevecesreneeecraeeees 5-2 
5-4 Bandwidth measure from magnitude of error-to-input fre- 

quency response FE’ (7m) /R (GO) oo... occ ccccccccccccecccceseeeeteceeeenceans 5-3 
5-5 Bandwidth measures from open-loop frequency response... 5-3 


xi 








LIST OF ILLUSTRATIONS (cont) 





Fig. No. Title Page 
0-6 Direct and inverse polar plots of G(jw) = { jo[ (jw)? + 0.6 
Jo + I eects epsae pata Oe tap ata asta dor tac na eae ora eag ae 5-4 
o-7 Asymptotes and true magnitude curves for the first-order 
BACTOR® (CL 7 Ae V rsaciecinseda said cxharstopsis ba ph ncatlebenionedite ly dnsceadel otaritbetedongede 5-5 


5-8 Asymptotes and true curves for the second-order factor 


EG oe dc eae Gee 5-6 


n n 


5-9 Phase-angle curves for the first-order factor (Tjw+1)=! 5-7 


5-10 Phase-angle curves for the second-order factor 





ne ee ee eee ee reer ee 5-8 
Wy, Wn 
[0.2 jw + 1) 
5-11 Magnitude plots for G(jw) = K —___,.__—__—___ 5-9 
SC rors 
2 
5-12 Angle plots for G(jw) = K (0-270 2) 5-9 
Ww 0.67 —+1 
: I( 3 is) = iy ae | 
(0.2 jw + 1) 
5-18 Gain-phase plot of G(jw) = 6.5 erie 5-10 
(jo) ( is) +065 S + 1 
5-14 Closed-loop response construction on the G plane ................ 5-11 
5-15 Closed-loop response construction on the G-! plane .............. 9-11 
5-16 Contours of constant M in theG plane .......000.. oo .. 5-13 
5-17 Contours of constant phase in the G plane .........00000000.......0..... 5-13 
5-18 Contours of constant M and constant ¢ in the G" plane ...... 5-13 
5-19 Chart showing symmetry of M-N contours about phase of 
180 degrees (Nichols Chart) 0.0000, 5-13 
5-20 Nichols chart .00...00.000occcccceccc ccc cece vec c eect tetteee cence 5-14 
5-21 Nonunity-feedback system 0 ecceecceeece eee 5-15 
5-22 System equivalent to the system of Fig. 5-21 0.0.00... 5-15. 


5-23 Construction for gain determination on direct (G/K) plane 5-16 


5-24 Construction for gain determination on inverse (KG) 


PORNO ac decries thon cara ds aeasmco terry seesen tae maedincllohyoat Ree teense nota teen eee 5-16 
5-25 Direct-plane determination of K for M, = 1.6, G(jw) = 

K {jw [(jw)* + 0.670 + LJ} ee. ee en ern 5-17 
5-26 Inverse-plane determination of K for M, = 1.6, G(jw) = 

K {Jol (jw)? + 0.670 + Ly cee meee: 5-18 


xii 


5-27 Construction for gain determination on gain-phase plane... 5-19 ( 











LIST OF ILLUSTRATIONS (cont) 


Fig. No. Title 


0-28 


0-29 
5-30 


o-31 
d-32 


6-1 
6-2 


6-3 
6-4 
6-5 
6-6 
6-7 


6-8 


6-9 


6-10 


6-11 
6-12 
6-13 


6-14 


6-15 


6-16 
6-17 


Gain-phase plane determination of K for M, = 1.5, G(jw) 
(0.27w + 1) 


a airy eC RSIS GGA Gata Gee 
; — 0.6 7 — 1 
jo|( #35) aM ig 

Phase margin and gain Margin ...00...000.. 000 oo occ ccccccccececceeeeecee eee 


Approximate closed-loop magnitude response of unity-feed- 
back system, G(jw) = K[jw(jw + :1)47 ooo. 


Loci of characteristic parameters of second-order root ...... 


Gain determination from root locus, G(s) = K(0.2s + 1)/ 
SCS > 1) (0.18 2-1). centre Reieeekinie Mice Raced aon oe 


Compensation in a single loop ...00.0....0000 occ cceeeccecccceeeeeeceeeee eee 


Change in open-loop response produced by compensation 
illustrating downward motion of M, contour for gain in- 
el 7? 1 (<td eae ae i Ce eee eR ee ET RTT RE re eee 


Universal lag functions .000.000.00oooccceccceccceccccccsceceeeeeeeees 
Lag-compensation procedure .......0000..0.0 occ cccecccecceecee cee ecceseeeee eee: 
Universal lead functions 2 o00....00000ooooccccccccccccec cece ceeeeceeeees eee: 
Lead-compenSation procedure .2.00000000.0.....c cc occceccccc cece cece eeceeeeeeee 


Magnitude curves for lag-compensation procedure employ- 
ING PHASE MALPiN oo cccccceccceeccceeceeeeeseeccseveesuveseeeeees 


Phase curves for lag-compensation procedure employing 
DHASC-TMAK GIN cco hoe edo ayant ani eonatteds sat ela deta tche Aalto 


Magnitude curves for lead-compensation procedure employ- 
INS PNASE MALS och ieecrcarwuarcasiahid i easnhyedotantiecenteen Mecisnaeereccanaess 


Phase curves for lead-compensation procedure employing 
phase margin ............. sdonee eles ete A Batali atel decane naste uae tone eencmaats nas: 


Genera] feedback-compensation configuration ...................... 
Cascade equivalent of feedback-compensation configuration 


Open-minor-loop asymptote for feedback compensation pro- 
COURS, kates ree aan ree cs on scoeten et Saba necadeaueneetescatsai as tecsigtcnemataace 


Closed-minor-loop magnitude for feedback compensation 
POP OCC ING eco cs) crass snes iss ap bislenn session dase te aneled eee ieee 


“losed-minor-loop phase angle for feedback compensation 
procedure ............ spears decease decetcd vee eae er eae ee 


D-C compensation networks ................ ON Ee Oe Te Tee 


Equivalent circuit elements for carrier-frequency networks 


xi 





Page 


0-19 


5-20 


5-22 
0-24 


5-25 


6-1 


6-2 
6-2 
6-4 
6-4 
6-5 


6-8 


6-8 


6-9 


6-9 
6-11 
6-11 


6-13 


6-14 


6-14 
6-17 
6-18 








LIST OF ILLUSTRATIONS (cont) 


Fig. No. Title 


6-18 
6-19 
6-20 


6-21 
6-22 
6-23 
6-24 
6-25 


6-26 


7-1 


7-3 


7-4 


7-6 
7-7 
7-8 
7-9 
7-10 
7-11 


7-12 


Parallel-T notch filter 0.000000 cccccccccccccccceeeseeennanans 
PMO PEA CAMP OP cucscyccess see cncawbtiesh vitesse ioaedzeacelcaatinetwddesadrctvtaltent 


Block diagram of inertia damper (motor damping neg- 
P0211) (2 ete ee ne One EE ee ee ee ee nn meen ee Se we 


Hydro-mechanical compensation network ........................0..... 
Schematic diagram of a pneumatic controller ......0000.00........... 
Controller block diagram .......0.0....00.....cccccccecccceccccceeeeeeecseeueness 
Schematic diagram of a proportional controller .................... 


Schematic diagram of a proportional plus integral con- 
140.) (2) anny MORON eee ct eR nee PEM ARS ANTS ANS OR Te CRONE SRN eR ate EE TE 


Schematic diagram of proportional plus derivative con- 
WEONOR” dacstisepsirradircacl A topcoat be nnsta aia sone Aiton aa eareene ae 


Normalized curves yielding time for 10-percent transient 
response corresponding to combinations of various time 
constants ........0.......... ead leshebe cee seine een sa ee 


Normalized curves yielding time for 40-percent transient 
response corresponding to combinations of various time 
COTES CD NCS i hese sts ot a geen ae aa ee 


Normalized curves yielding time for 80-percent transient 
response corresponding to combinations of various time 
CONSCANIUS «iso eee nd eee els 


Normalized curves yielding time-interval ratios of the tran- 
sient response corresponding to combinations of various time 
COTNS CIES iscsi ea cts a se ceed eects: 


Normalized curves yielding the time interval between 10- 
and 80-percent response of the transient corresponding to 
combinations of various time constants ...0.0000...0.. eee. 


Rectangular approximation to step response .......................... 
Rectangular approximation to impulse response .................... 
Triangular approximation to time function ........0000......0.00...... 
EFIAN PIC TUNCUOM 2025 ica wilectce Stee eee 
Partial derivatives for Linvill’s procedure ............................. 


Dimensionless transient error-response curves of a second- 
order servomechanism to a unit-ramp input ........00.........0........ 


Transient error-response curves of a second-order servo- 
mechanism to a unit-step input 0.0000... eee eneees 


XiV 


Page 


6-19 
6-20 


6-20 
6-20 
6-21 
6-21 
6-22 


6-22 


6-23 


7-3 


7-5 
7-5 
7-5 
7-6 
7-7 


7-17 


7-18 

















71-13 


7-14 


7-15 
71-16 
1-17 


71-18 


7-19 


8-1 
8-2 





8-5 
8-6 


9-1 
9-2 
9-3 
9-4 
9-5 
9-6 
9-7 
9-8 
9-9 
9-10 
9-11 


9-12 





LIST OF ILLUSTRATIONS (cont) 


Fig. No. Title 


Transient output-response curves of a second-order servo- 
mechanism to a unit-step input ..000000.000 eee ees 


Peak magnitude M, versus damping ratio € for a second- 
order ServomechanisSM .0200....00..00..cccccccecccececceececececuceeeeesceneeeuaness 


Overshoot variation with © .0.......00000.o ce cceeeeecccceeenteteesenees 
Typical open-loop asymptote function ............0.....00c 


Sketches showing nomenclature used to describe various 
characteristics of servomechanism performance .................... 


Comparison of steady-state frequency response character- 
istics and transient response following a step function of 
input as a function Of 01/We....0... 0000... o occ cccc cece cece ce cececeeecenness 


Sketch of open-loop asymptote function ............0000...00.00........ 


Configuration for ISE minimization ..............0..00.0.0...cccceeee eee 


Step-function responses of the optimum unit-numerator 
transfer systems, second to eighth orders ....................00..00.. 


Frequency responses of the optimum unit-numerator trans- 
TOP SV SUCIIS 3c heede hisses ee ero ete area ae 


Step-function responses of the optimum zero-velocity-error 
systems, second to sixth orders ......00.....00....0ccccecccececcceeeecceeeeees 


Configuration for MSE minimization .................0...00...ccceeee 


Configuration for MSE minimization ...............0000...0......eee 


PamMpled-data SV Stem =. cess ecsilccecdeiyindescneetd ga dW 
Model of sampled-data system ....0000....0000.. ooo c ee eeeeees 
Train of unit impulses which represents the carrier A(t?) .... 
Action of sampled-clamper |.........00000..0000.. occ ce eee ee eee 
Simplified picture of sampled-data system ............. anes aseoads 
Operation of sampling switeh .......000000.0..0ooc cece eee 
Relations between s plane and z plane ............0......0...........0 
Sampling a smoothed sampled signal ...................00.0.....0...ceeeee 
Sampling a filtered continuous signal ......................0...000..00008.. 
A sampled-data feedback system .......00.....00....0000..0ccccce ccc 


Relations between s and G*(s) for application of Nyquist 
"OF @) 125) gl (0) | ae en nee een oe aoe OI te PTO oer ONC IE Pree eta 


Comparison between discrete and continuous compensation 


xv 


Page 


1-18 


7-18 
7-19 
1-21 


1-22 


7-24 
1-42 


8-6 
8-6 
8-8 


9-7 
9-9 








Fig. No. 


9-13 
9-14 
9-15 


9-16 


10-1 
10-2 
10-3 
10-4 
10-5 
10-6 
10-7 
10-8 
10-9 
10-10 
10-11 
10-12 
10-13 
10-14 


10-15 
10-16 
10-17 
10-18 
10-19 
10-20 
10-21 
10-22 
10-23 
10-24 


LIST OF ILLUSTRATIONS (cont) 


Title Page 

Sampled-time function 222000000000. ccccccceccccccecsecceceetseceeees 9-11 
Step response of sampled-data system .....00.0....0000oo eee, 9-11 
Determination of c(t) between sampling instants by samp- 

ling at 2Q rad /S@C oii... oo coc ccceecccecccccceeveeeecsesevrsttteveseeesees 9-12 
Determination of c(t) between sampling instants through 

the use of an artificial delay ..0....000000..00 ooo cccceccccceeeeeeeeee 9-12 
Nonlinear feedback control system ......0...000....0000...ccececceeeeee eee. 10-2 


Dimensionless representation of contactor characteristics .... 10-2 


Plot of the describing function N 0... cccceec cece eceee 10-3 
Nonlinear characteristics with dead zone and saturation ...... 10-4 
Describing function for dead zone .........000...00...ccccccccccccece eee 10-4 
Describing function for saturation ..o..000...0. ccc eee. 10-4 
Describing function for saturation and dead zone ................ 10-4 
Hysteresis nonlinearity ....... Ne ne Se ene Ra Te ens ne ee 10-5 


Describing function for hysteresis-type nonlinear element .... 10-5 


Simplified nonlinear systeM ....o.....0000.0.. cece ccc cceece cece teens 10-5 
Stability determination with describing function .................. 10-5 
Contactor servomechanism study ........0000.0cccccccccccccececceeece ees 10-7 
Contactor servomechanisM ...................00.00 cece ccccceceecee cece eee e teens 10-7 
Degree of stability variation with input amplitude for con- 
tactor servomechanism ...o......000..... cece cece cece cece eeetete nes 10-7 
Phase portrait of linear second-order system with £= 0.5 .... 10-9 
Portrait in the vicinity of a stable node .............. i n.. 10-10 
Portrait in the vicinity of an unstable node .......................... 10-10 
Portrait in the vicinity of a stable focus .......0000.000.... 10-10 
Portrait in the vicinity of an unstable focus .......................... 10-11 
Portrait in the vicinity of a center 2.000000. 10-11 
Portrait in the neighborhood of a saddle point ...................... 10-11 
Types of singularities 200000. c cece ccece cece cetec ee eteeeceees 10-12 
Portrait with soft self-excitation 0000000 10-12 
Portrait with hard self-excitation .0000.00..000000000en. 10-12 














LIST OF TABLES 


Table No. Title Page 
3-1 Laplace transform pairs .........00000o oo cccccececccc cc ccccceeeeeceeeeeee. 3-14 
3-2 Block diagram symbols ....000....000....0.00.ccccccecccceccccceccceecveveecueeees 3-18 
3-3 Parameters of trapezoids 0.0.0.0... ccccccccccc ccc eeeece ene eees 3-30 


3-4 Error coefficients in terms of open-loop function C(s)/E(s) 3-35 


5-1 Properties of M and ¢@ contours ...22.00o.. cece 5-12 
6-1 Results of lead compensation example ............000...000..00000.0002.. 6-6 
6-2 Results of compensation using 45° phase margin .................. 6-10 
7-1 Common performance indices ......00......00000.....cc0cccc cc cceeeeceeeeeeeees 7-46 
8-1 Table of definite integrals 000ooo00..oclccccccccceceeeee ees 8-4 
» 8-2. The minimum ITAE standard forms, zero-displacement- 
CELTOP SVSCOIMNS x iiciiio i apts ue ddan bse eh ech eeu ees 8-5 
8-3 The minimum ITAE standard forms, zero-velocity-error 
CCL) 0 4: Sn ee nee ee Tee Be eee eee er ee 8-5 
9-1 Laplace and z transform pairs .0....0000000.. ccc eect cece eee 9-4 
9-2 Modified 2 transforms .......000...00000...00c cece ccce cece ceeee cee eeeeees 9-13 





» xvii 

















CHAPTER 1 


PROPERTIES OF FEEDBACK CONTROL SYSTEMS* 


1-1 OBJECTIVES OF A FEEDBACK CONTROL SYSTEM 


The purpose of a feedback control system 
is to monitor an output (controlled variable) 
in a manner dictated by an input (reference 
variable) in the presence of spurious disturb- 
ances (such as random load changes). The 
basic elements of a feedback control system 
are shown in Fig. 1-1. The system measures 
the output, compares the measurement with 
the desired value of the output as prescribed 
by the input, and uses the error (difference 
between actual output and desired output) to 
change the actual output and bring it into 
closer correspondence with the desired value 
of the output. To achieve a more sensitive 
control means, the error is usually amplified ; 
in general, the higher the gain the more accu- 
rate the system. Thus, a feedback control sys- 
tem is characterized by measurement, com- 
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parison, and amplification. In brief, a feed- 
back control system is an error-correcting 
power-amplifying system that produces a 
high-accuracy output in accordance with the 
dictates of a prescribed input. 


Since arbitrary disturbances (such as am- 
plifier drift, random torques, etc) can occur 
at various points in the system, a feedback 
control system must be able to perform its 
task with the required accuracy in the pres- 
ence of these disturbances. Since random 
noise (unwanted fluctuations) often is pres- 
ent at the input.of the system, a feedback 
control system must be able to reject, or filter 
out, the noise while producing as faithful a 
representation of the desired output as is 
feasible. 
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Fig. 1-1 Elements of a feedback control system. 
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1-2 OPEN-LOOP VS CLOSED-LOOP SYSTEM CHARACTERISTICS 


Because a measure of the output is fed 
back and compared with the input, any repre- 
sentation of a feedback system contains a 
closed loop (see Fig. 1-1), and the system is 
thus called a closed-loop system. Many con- 
trol systems do not exhibit this closed-loop 
feature and may be termed open-loop sys- 
tems. In an open-loop system, the error is 
reduced by careful calibration. The elements 
of an open-loop control system are shown in 
Fig. 1-2. 


DISTURBANCE 


CONTROLLED 
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Fig. 1-2 Elements of an open-loop control system. 










INPUT + NOISE OUTPUT 


If open-loop and closed-loop systems are 
compared, it can be seen that several advan- 
tages accrue to the closed-loop system. In a 
closed-loop system, the percentage change in 
the response of the system to a given percent- 
age change in the response of one of its ele- 
ments is approximately inversely proportion- 
al to the over-all amplification of the loop. 
However, in an open-loop system, the percent- 
age change in the response of the system is 
approximately proportional to the percentage 


1-3 STABILITY AND 


For the advantages of accuracy and con. 
stancy of characteristics, the feedback con- 
trol system must pay a price in the form of a 
greater tendency toward instability. A linear 
system is said to be stable if the response of 
the system to any discontinuous input does 
not exhibit sustained or growing oscillations. 
Essentially, this means that the system re- 
sponse will ultimately settle down to some 
steady value. An unstable system which ex- 
hibits steady or runaway oscillations is unac- 
ceptable. Unstable behavior must be guarded 


change in the response of one of its elements. 
Thus, a feedback control system is insensitive 
to changes in the parameters of its compo- 
nents and can usually be constructed from 
less accurate and cheaper components than 
those used in an open-loop system. One excep- 
tion to the foregoing statement results from 
an inherent limitation—the closed-loop sys- 
tem can be no more accurate and reliable 
than its measuring element. The same limita- 
tion holds true for an open-loop system. 


The error produced in an open-loop system 
by a given disturbance is much larger than 
the error produced by the same disturbance 
in an equivalent closed-loop system, the ratio 
of errors being approximately proportional 
to the over-all amplification of the loop of the 
closed-loop system. Thus, a feedback control 
system is relatively insensitive to extraneous 
disturbances and can be used in situations 
where severe upsets are expected. One can 
conclude that the over-all amplification (or 
gain) that can be achieved inside the loop of 
a feedback control system directly affects the 
accuracy of the system, the constancy of its 
characteristics, and the “stiffness” of the sys- 
tem in the face of external upsets or disturb- 
ances. In general, it is found that the higher 
the gain of the system, the better the system. 
The highest gain that can be used, however, 
is limited in every case by considerations of 
stability. 
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against in the design, construction, and test- 
ing of feedback systems. Because of the possi- 
bility of instability, a major portion of con- 
trol system design is devoted to the task of 
ensuring that a safe margin of stability exists 
and can be maintained throughout the operat- 
ing range of the system. 

It can be shown that the cause of instability 
in a given closed-loop system is due to the 
fact that no physical device can respond in- 
stantaneously to a sudden change at its input. 
If a sudden change occurs in the error of a 
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feedback system, the output will not correct 
for the error instantaneously. If the correc- 
tive force is great enough (due to a high 
amplification), the output will accelerate rap- 
idly and cause a reversal of the error. If a 
high output velocity is attained, the inertia of 
the output will carry the output past the point 
where the error is zero. Instability occurs if 
the maximum magnitude of the error after 
reversal is equal to, or greater than, the mag- 
nitude of the original disturbance in the 
error. The tendency for a system to become 
unstable is accentuated as the amplification 
is increased, since the stored energy in the 
inertia of the output will be correspondingly 
increased without any compensating increase 
in the rate of dissipation of energy in the sys- 
tem. This situation corresponds to an exces- 
sive delay in the response of the output. Thus, 
an attempt to increase accuracy by increasing 
gain or amplification is usually accompanied 
by an increased tendency toward instability. 
As a result, design becomes a compromise 
between accuracy and stability. A more de- 
tailed and quantitative examination of stabil- 


ity is developed in Ch. 4. 

The dynamic behavior of a system is im- 
portant not only as a determinant of stability 
but also, for stable systems, as a measure of 
instantaneous accuracy. In many situations 
where rapid input variations occur, it is of 
the utmost importance that the error be kept 
within specified bounds at all times. Ideally, 
a system with no time lag would be able to 
follow extremely rapid input variations with 
perfect accuracy at all times. Actually, the 
impossibility of achieving instantaneous re- 
sponse, together with the stability problem 
created by the “pile-up” of the dynamic lags 
of cascaded elements in a loop, make the 
problem of maintaining dynamic accuracy 
(i.e., error within specified bounds at all 
times) progressively more difficult as the 
rapidity of input variations increases. Con- 
sequently, the design of both system and 
components is focused to a large degree on 
improving the speed of response (in other 
words, reducing dynamic lags), thereby ob- 
taining a concomitant improvement in the 
over-all dynamic accuracy of the system. 


1-4 TERMINOLOGY OF FEEDBACK CONTROL SYSTEMS 


To facilitate discussion and to maintain 
uniformity, a specific terminology has been 
adopted. The general diagram of a feedback 
control system is shown in Fig. 1-3. Note that 
some of the elements and variables in this 
diagram correspond to real devices and sig- 
nals, whereas other elements and variables 
correspond to purely hypothetical properties 
of the system that are useful in visualizing 
the various functions of the system. 


To aid visualization and to distinguish be- 
tween variables and components, the sym- 
bolism of Fig. 1-3 is defined as follows: 


(a) A line represents a variable or signal. 
The arrow on the line designates the direction 
of information flow. 


(b) A block represents a device or group 
of devices that operate on the signal or signals 
entering the block to produce the signal leav- 
ing the block. 
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(c) The symbol + _ represents sum- 
mation. The variables entering are added 
algebraically, according to the signs associ- 
ated with the corresponding arrows, to pro- 
duce the variable leaving. 


(d) The symbol is called a splitting 
point. The variable entering is to be trans- 
mitted to two points in the diagram. The vari- 
ables leaving are both identical to the variable 
entering. 


The symbolism used for the variables in 
Fig. 1-3 is defined as follows: 


u = disturbance or 
upset 


r = reference vari- 
able or input 


nm = noise c = controlled vari- 

e = actuating able or output 
variable 1 = desired or ideal 

m = manipulated output 
variable Ye = system error 
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In many cases, the representation of Fig. 
1-3 can be simplified. If the measuring and 
feedback elements are ideal and have no 
dynamic lag, it is possible to redraw the figure 
(see Ch. 3) so as to have no elements in the 
feedback path of the system. 

A system in which the unmodified con- 
trolled variable is fed back directly for com- 
parison with the input is called a unity-feed- 
back system. The main loop of a unity-feed- 
back system is shown in Fig. 1-4. 


If the ideal output of a system is the refer- 
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ence variable, the ideal elements are perfect. 
That is, the desired output is exactly equal to 
the reference input at all times. Many designs 
require that the output equal the input at all 
times although, strictly speaking, this is im- 
possible with real components. 

If a unity-feedback system is to have its 
desired output equal to its reference input, in 
the absence of noise, the system error must 
equal the actuating variable. A unity-feed- 
back system of this type is often used initially 
in the process of design because of its simplic- 
ity. Such a system is shown in Fig. 1-5. 
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Fig. 1-3 General diagram of a feedback control system. 
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Fig. 1-4 Unity-feedback system main loop. 
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Fig. 1-5 Basic unity-feedback system. 








CHAPTER 2 


DYNAMIC RESPONSE* 


2-1 INTRODUCTION 


The dynamic response of a component or 
system is the output response to an input that 
is a varying function of time. The steady- 
state response of a component or system is 
the output response to an input that is con- 
stant with time. 

Paragraph 1-3 indicates that dynamic re- 
sponse is a basic determinant of system sta- 
bility as well as an important element of 
system performance. All design theory for a 
feedback control system is centered on the 
study, analysis, and manipulation of the 
dynamic response characteristics of the sys- 
tem and of the components that are part of 
the system. Because of its fundamental im- 
portance, the dynamic response of any physi- 
cal device or system is classified according to 
the nature of the input time variation that 


occurs. In some cases, the input time varia- 
tion may be entirely artificial since it may not 
ordinarily occur in practice (for example, a 
sinusoidal signal). In other cases, the input 
variation may be one that is known to occur 
in practice (for example, a step change). In 
the former case, the artificial input time func- 
tion is used primarily to facilitate analysis, 
design, and testing. In the latter case, the 
actual response of the system to the known 
input function is an important measure of 
performance which both the designer and 
user need to know in order to verify that the 
system meets the performance specifications. 
In either case, a clear understanding of the 
nature of the input and of the methods for 
finding the response to it are necessary for 
successful design. 


2-2 LINEARIZATION 


The basic tool used to describe the dynamic 
performance of a device is the set of differen- 
tial equations that serve as a mathematical 
model for the actual physical device. Since 
quantitative techniques are imperative for 
analysis and design, a mathematical descrip- 
tion is necessary. However, when going from 
the physical device to the differentia] equation 
model, one must resort to approximations if 
usable results are to be expected from a 
reasonable expenditure of time and effort. If 
the physical situation is such that it is pos- 
sible to describe the device with a set of 
*By L. A. Gould 


constant-coefficient linear differential equa- 
tions to a high degree of accuracy, a wide 
variety of powerful tools are available to aid 
analysis. Even when the expected range of 
variation of the variables is such that the 
accuracy of approximation is partially lost 
when constant-coefficient linear differential 
equations are used, such a representation still 


serves a useful purpose. Although the repre- 


sentation above is inaccurate, it does provide 
a qualitative estimate of behavior which is 
still good enough to be of value to the designer 
for guiding testing procedures. Furthermore, 
if the designer artificially restricts the range 
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of variation of the variables, he can obtain 
accurate results which apply to some, though 
not all, of the expected variations. From such 
a restriction, there results a partially accur- 
ate description that can at least be used to 
verify whether or not the device meets some 
of the performance specifications. 


Although descriptions utilizing constant- 
coefficient linear differential equations pre- 
dominate in feedback control system design, 
two classes of systems exist that do not lend 
themselves to such a description. Sampled- or 
pulsed-data systems are best described by 
variable-coefficient linear differential equa- 
tions and are discussed in Ch. 9. Contactor or 
relay servomechanisms cannot be described 
by linear equations at all, and one must resort 
to the nonlinear equations that describe these 
systems (see Ch. 10). In addition, although 
the nonlinear properties of linear systems are 
ordinarily treated as secondary effects in the 
usual design procedure, they can, under cer- 
tain circumstances, seriously affect perform- 
ance. Such circumstances occur when the 
range of variation of the variables is wide or 
when the nonlinearity cannot be justifiably 
ignored. Secondary or incidental nonlineari- 
ties such as saturation and backlash are 
treated in Ch. 10. 


Since linearization methods are the basis 
for most design work, it is important to 
understand the techniques that are used to 
establish a linear differential equation des- 
cription of a device. As a first step in a line- 
arization procedure, appropriate assumptions 
are usually formulated based on a knowledge 
of the physics involved. For example, in 
describing d-c machinery operating in an 
unsaturated region, the effect of hysteresis 
is often ignored and the normal magnetiza- 
tion curve of the steel is used in the analysis. 
The justification for such an approximation 
is based on the fact that, in many cases, the 
width of the hysteresis loop is small compared 
with the range of variation of magnetization 
encountered when using the device. In an- 
other situation, one may ignore the effect of 
backlash in a gear train for reasons analogous 
to those above. 
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When reasonable assumptions have elimi- 
nated many of the incidental nonlinearities of 
a device, one is often left with a performance 
description that is still nonlinear because of 
the curvature of the steady-state response 
(steady output as a function of a constant 
input) curves of the device. When this occurs, 
use is made of incremental techniques to pro- 
duce the desired linear description. 


The incremental linearization of a nonline- 
ar characteristic (approximate representa- 
tion of a nonlinear function by a linear func- 
tion for small changes of the independent 
variable) is based on the Taylor series expan- 
sion of the function around a desired operat- 
ing point. The deviation of the function from 
the operating point obtained from the approx- 
imate expansion of a function around a 
steady-state operating point is given by 


Af (x1, Loy eeey Xn) — Cz, Ax, (2-1) 
+ Cr Ato +... 4 Cr, Atn 
Af (21, 2a...) Un) =f 2,8 55.8.54.4-Va) 
— f (X10, X20, .- - » Lno) (2-2) 
where 
f (21, %2,...,2n) = function to be approxi- 
mated 
(X10, L20,..+-, Lno = Steady-state operating 
point 


C= 15-2, oc ) 
Ce 1S wy TD) 


“9 Lno 


AX), = Xr — Lio 


c, — af 
OX 


In the approximation [Eq. (2-1) ], the devia- 
tion or increment of the function from the 
operating point has been expressed as a linear 
function of the deviations (from the operat- 
ing point) of its independent variables. The 
constant coefficients C,, are called the partial 
coefficients of f with respect to 2, X2,..., 2, 
at the operating point (20, L2,.--, Lno)- 

Example. A shunt d-c motor is speed-con- 
trolled by the vacuum-tube circuit shown in 
Fig. 2-1. Assuming that hysteresis is negli- 
gible, the basic equations of the system are as 
follows: 


E, = E, (Ey, [;) 





Livy Loy - + 


(2-3) 
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E,—E,—N, 2. 
L= se a (2-4) 
Ry 
F—F(L) (2-5) 
L, 4 Ril; — E, — E, (2-6) 
E,—=kFN (2-7) 
M =k, FI, (2-8) 
M=—J ~ 4M, (2-9) 


where 


E, = plate voltage 
EF, = grid voltage 

I, = field current 
E, = supply voltage 
E,, = motor back emf 
armature inductance 
armature resistance 
motor shaft speed 

k, = motor back emf constant 
N, = number of field turns 

F = field flux 

R, = field resistance 

I, = armature current 

M = motor torque 

k,, = motor torque constant 

J = total moment of inertia 
M, = load torque 


La 
Ra 
N 


It is assumed that mechanical friction is 
negligible. 


To linearize Eq. (2-3), lett 


E, & Epo + €p = Ep + AE, (2-10) 
E, 4 Ey + €, = E, + AE, (2-11) 
I, 4 I, +2, =I1,,+ Al, (2-12) 


where E,,, E',., and I,, represent values at the 
steady-state operating point and eé,, e,, and 2, 
represent the deviations of the values of E,, 
E,, and I, from their corresponding steady- 
state operating-point values. 


*Symbol 4 is defined as “equals by defini- 
tion’’. 
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Fig. 2-1 Speed control of shunt d-c motor. 
P E rey 
Since AE, — (: *) AE ( *) AI 
p 3 E, 9 F 3 L f 
a) (2) 
= eg + Ur, 
Gs : ol; 
Eq. (2-10) becomes 
BE, = Ey. + (—p) € + (Ry) 1, (2-13) 
where 
— a Ob» and R, 4 OMe 
OR a 3 = ol; 
goo *fo E505 Lie 








As a result of the definitions above, the in- 
cremental linear approximation to Eq. (2-3) 
becomes 


= —pe, + Ry 


where e,, €,, and i, represent incremental 
quantities. 


ep (2-14) 


To linearize Eq. (2-5), let 


F4AF,+f=F,+ AF (2-15) 
Then, Eq. (2-15) can be written as 
F=F,+C,;1, (2-16) 
where 
c, 4 oF 
~ Oly I 


fo 
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Consequently, the incremental linear approxi- 
mation to Eq. (2-5) becomes 


f=C;y (2-17) 


Substituting Eqs. (2-10), (2-11), (2-12), 
(2-15), and (2-17) into Eq. (2-4) results in 


[npt+y= 


Eso + é€, — (E50 + €y) ae Neo(Fe + Cty) 


Ry, 
(2-18) 
or 
: E,.—E 
IT P — 80 po 
fot ly ‘oe oe 
dt, 
ms ( Cg — Cp — Nerat| (2-19) 
R, 
where 
EB, & Eo + 6. 


E,, — steady-state value of E, 
e€, = increment in EB, 


It can be seen that the equation for the oper- 
ating point of the field circuit is 
E's — E50 


R, (2-20) 


l= 


and the incremental equation for the field 
circuit is 


di, 
€, — Cy — NiCr, (2-21) 
+, = ————— 
Ry 
To linearize Eq. (2-7), let 
E,=E,+ hk Nf + kk on (2-22) 
where 
E, = E'bo + Cn (2-23) 
NAN,+n 


2-4 


Then, the incremental linear approximation 
for Eq. (2-7) becomes 


ep = k, (Nf iF Fn) (2-24) 

Substituting Eqs. (2-7), (2-17), (2-21), 
(2-23), and (2-24) into Eq. (2-6), and using 
a procedure analogous to that above, the equa- 
tion for the operating point of the armature 
circuit becomes 


7. — Ee = keF No 
ao R, 


and the incremental equation for the arma- 
ture circuit is 


(2-25) 





di, 
Lz 7 + Reig = €, — keNoC/i, — keFn 
(2-26) 
where 
I a S I ao + la 


To linearize Eq. (2-8), use the incremental 
linear approximation 


m= kink ola + kl aol (2-27) 
where 
M4M,+m (2-28) 


By substituting Eqs. (2-23) and (2-28) into 
Eq. (2-9), the equation for the operating 
point of the mechanical circuit is 

M, = Min (2-29) 


and the incremental equation of the mechan- 
ical circuit is 


dn 
m=—J—+m 2-30 
7 + mr, ( ) 
where 
M, 4 Mio + my, 


From an examination of the analytical 
work above, it can be seen that the applica- 
tion of the linearizing technique produces a 
set of incremental equations that describe the 
behavoir of the system for deviations of the 
variables from the operating point of the 
system. In addition, the operating point is 
also defined by a set of algebraic equations. 
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Summarizing the operating-point equa- 
tions: 


Io = aa a (2-20) 

Ego & Ey (E50, Tyo) (2-31) 

| ea mn (2-25) 
Ra 

Fi A F (Ly) (2-32) 

M, = M1 (2-29) 

M, 4 knF oo (2-33) 


The operating-point equations can be solved 
for the unknowns I,,, Epo, Igo, F'o, No, and M, 
if the quantities E,,, E',., and M,, are speci- 
fied. This solution is usually done graphically 
because the steady-state characteristics of the 
tube [Eq. (2-31)] and the field structure 


[Eq. (2-32) ] are presented as experimental 
curves. 


Summarizing the incremental equations: 


€, = —pe, + Rt, (2-14) 
€s — Cy — NC) 
y= 2-21 
f R, ( ) 
di, ‘ ; 
L, ae + Ryig =e, —k.N.C yp, — ke F' on 
(2-26) 
dn : ; 
J at + m;,,= ek 1. + KinlaoC ty (2-34) 


The time-varying inputs to the system are 
the incremental quantities e,, e,, and m,. If 
these quantities are known, the incremental 
equations can be solved for é,, 2,, 7,, and ” as 
functions of time. 


2-3 TRANSIENT RESPONSE 


The transient response of a system is the 
time variation of one or more of the system 
outputs following a sudden change in one or 
more of the system inputs or the derivatives 
or integrals of the system inputs. Often a 
transient input variation does not correspond 
to the actual input variations that a system 
might experience in practice. However, tran- 
sient specifications of system performance 
are very commonly used and, as a result, the 
designer must know how to describe system 
behavior in terms of transient response. It 
can be shown (see Ch. 3) that the transient 
response of a linear system completely speci- 
fies the differential equations of the system 
and, therefore, can be used indirectly to find 
the response of the system to any type of 
input. 

A given transient response must be re- 
ferred to the type of input that caused it. 
Three commonly used transient test inputs 
are the impulse, the step, and the ramp. 
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A unit impulse can be conceived of as a 
time function that is infinite at ¢ = a and zero 
everywhere else. A unit impulse is defined by 
Eqs. (2-35) through (2-37), where 5)(¢ — a) 
is a unit impulse function occurring at t = a. 


f hi PactaN area (2-35) 
f *° 5, (t — a) f(t)dt = f(a) (2-36) 
i(t—a) =0,t>aandt<a (2-37) 


The unit step function 5_, (¢ — a) is merely 
the integral of the unit impulse 8)(¢ — a). 
The unit step is defined by Eqs. (2-38) and 
(2-39), where $_,(f— a) is a unit step oc- 
curring att =a. 


s.(t—a) = [ a&(z—a)de — (2-38) 
8..(t—a) = [ee < (2-39) 
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Fig. 2-2 Transient input functions. 
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Fig. 2-3 Transient responses for system 
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The unit ramp function §..(t — a) is the 
integral of the unit step 5_, (¢ — a). The unit 
ramp is defined by Eqs. (2-40) and (2-41), 
where $..(¢ — a) is a unit ramp occurring 
att=a. 


sa(t—a)= { 8,(2—a)dz (2-40) 
ee trae (2-41) 


The impulse, step, and ramp functions are 
shown in Fig. 2-2. It should be noted that 
these functions are equal to zero for all t < a 
and that they are discontinuous or one or 
more of their derivatives are discontinuous 
at the instant of occurrence. Clearly, the re- 
sponse of a physical system to any one of 
these inputs will be zero before the input 


occurs if the system is assumed to be initially 
at rest. 


Example. A system is described by the 
equation 

Ca _ &y 

dt? dt? «dt? 
where y is the input and ~ is the output. The 
output transient responses as functions of. 
time are shown in Fig. 2-3 when the input is 
a unit impulse, a unit step, and a unit ramp, 
each occurring at t = 0. The specified initial 
conditions for t<0 are x = 0, dzx/dt = 0, and 
d?x/dt? = 0. 

It should be noted that, although the curves 
in Fig. 2-3 are different, they represent the 
same information about system behavior pro- 
vided that the input associated with each 
curve is known. 


(2-42) 





ax 
2 —— 2 
+ dt + 


2-4 FREQUENCY RESPONSE 


The frequency response of a system is the 
variation of the output to an input which is 
a constant-amplitude variable-frequency si- 
nusoid. Frequency response is usually of in- 
terest in the linear case but does have applica- 
tion in the nonlinear case (see Ch. 10). 


In the case of a linear system, a sinusoidal 
input produces a sinusoidal output of the 
same frequency as the input. The frequency 
response of a linear system is therefore com- 
pletely described by the ratio of the output 
amplitude to the input amplitude and by the 
phase angle of the output relative to the 
phase angle of the input, both expressed as 
functions of frequency. 


The frequency response of a system is usu- 
ally presented in three ways: by a polar plot 
of the tip of the vector A(w) e% with fre- 


quency w as a parameter (7 = \/ — 1) ; by sep- 
arate plots of 10 logi9 A(w) and ¢(w) versus 
frequency w; and by the gain-phase plot of 10 
log,, A(w) versus ¢(w) with frequency w as 
a parameter. A(w) is the amplitude ratio of 
output to input and ¢(w) is the output phase 
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angle minus the input phase angle. One could 
also plot 20 log:)9 A(w) as is done in the liter- 
ature in many places, but there is little to be 
gained by using the factor of two. 


The frequency response of a system is use- 
ful primarily because of the many theoretical 
simplifications that are possible when it is 
used as an analytical and design tool. Just as 
transient inputs rarely occur in practice, so 
do sinusoidal inputs almost never occur in 
practice. Nevertheless, both methods of de- 
scribing dynamic response are useful in anal- 
ysis and design. 


Since frequency response and transient re- 
sponse are directly related to the differential 
equation of a system, they contain the same 
information about system behavior. These 
two methods of describing dynamic response 
are merely different approaches to the same 
end. Both have a useful function to perform 
in designing control systems. Techniques for 
correlating the frequency résponse and tran- 
sient response of a system are presented in 
Chs. 3 and 7. 
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2-5 FORCED RESPONSE 


The forced response of a system is the time 
response of an output of the system to an 
arbitrary, but completely defined, variation 
of one of the system inputs. Forced response 
is distinguished from transient response in 
that the input variation associated with the 
forced response of a system is considered as 
a continuous time function with no discon- 
tinuities in any of its derivatives. A sinus- 
oidal input is a special case of a forcing input 
which is isolated for special attention because 
of its theoretical importance. 

A typical example of an arbitrary forcing 
input is the angle of the line-of-sight from a 
radar antenna to a target that is moving at 
constant velocity in a straight line (see Fig. 
2-4). Such a course is known as a straight- 
line crossing course. The angle of the line-of- 
sight 6 in this case is given by 


V 


6(t) = tan-' —t 2-4 
(t) an : (2-43) 


where 
V = target velocity 


R = minimum target range 


The inverse tangent function in Eq. (2-43) 
and all its derivatives are continuous for all f. 


Many design problems have input specifi- 
cations involving arbitrary forcing functions 
that cannot be adequately described by dis- 
continuous functions. The techniques for de- 
termining the response of a system to these 
functions are discussed in Pars. 3-3, 3-7, and 
7-2. 


CONSTANT VELOCITY 
—_——_e 





LINE OF SIGHT 





ANTENNA 


Fig. 2-4 Straight-line crossing course. 


2-6 STOCHASTIC INPUTS 


A stochastic process is one in which there 


is an element of chance. In many situations, 


the input to a system is not completely pre- 
dictable and cannot be described by a mathe- 
matical function, either analytically or gra- 
phically. The term “random process” is often 
used to describe such a situation, but it is not 
an accurate term since a process can often 
consist of a combination of a completely pre- 
dictable portion together with a purely ran- 
dom portion. It is evident that the signals in 
a feedback control system are more often 
stochastic than predictable in nature, parti- 
cularly when the effect of the ever-present 
noise is considered. A typical example of a 
stochastic process is a radar signal corrupted 
by noise. 
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Since a degree of uncertainty exists if one 
attempts to determine the value of a stochas- 
tic signal at a given instant of time, probabil- 
ity density functions and other statistical 
characterizations such as the average value, 
the root-mean-square (rms) value, and the 
correlation function are used to describe the 
signal. It is useful to think of a stochastic 
signal as a member of a family of signals, 
each generated by an identical process. Such 
a family of signals is called an ensemble, and 
the statistical characterizations of the sto- 
chastic process are related to the ensemble of 
signals rather than to a particular member 
of the ensemble. Determination of the re- 
sponse of a system to a stochastic input does 
not yield a function of time, but rather a 
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statistical characterization of the output sig- 
nal ensemble. 


Stochastic signals are separated into two 
classes. If the statistical behavior of the proc- 
ess that generates the ensemble is independ- 
ent of time, the process is stationary. A non- 
stationary process is one whose statistics vary 
with time. In most situations involving sto- 
chastic processes, the signals generated are 
non-stationary. It is useful, however, to treat 
practical processes as stationary if the varia- 
tion of the statistics with time is small over 
the useful life of the system. A typical ex- 
ample is the noise generated in a vacuum 
tube. As the tube ages, the statistical charac- 
ter of the noise changes. If the period of use 
of the tube is short compared with its ex- 
pected life, then the noise generated by the 
tube can be considered as a stationary proc- 
ess. 


If a stochastic process is stationary, it is 
possible to use.a single member of the ensem- 


ble of the process to determine the statistics 


of the process. For example, if the average 
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value of a signal is sought and the process 
generating the signal is known to be station- 
ary, the average value can be found in two 
ways. In the first way, the average value is 
computed by taking the time average for a 
single member of the ensemble. In the second 
way, the average value is computed by taking 
the values of all the members of the ensemble 
at a particular instant of time and averaging 
these values. The latter average is called the 
ensemble average. Since the process is known 
to be stationary, both averages are independ- 
ent of time. That both averages are identical 
has not been proven as yet, but their identity 
seems plausible if one accepts the assumption, 
the so-called ergodic hypothesis, that ensem- 
ble averages and time averages are identical 
for a stationary process. The various ways to 
characterize stochastic signals and the re- 
sponse of a system to a stochastic signal are 
discussed in Par. 3-8. 




















CHAPTER 3 
METHODS OF DETERMINING DYNAMIC RESPONSE 
OF LINEAR SYSTEMS* 


3-1 THE DIFFERENTIAL EQUATIONS 


As discussed in Ch. 2, any design procedure 
is based on the differential equations that 
serve as the mathematical model for the phy- 
sical system. This chapter deals with methods 
of determining the dynamic response of phy- 
sical systems from the differential equations 
that describe them. The type of response 
sought depends upon several factors: the 
specifications of the system; the design pro- 
cedure adopted; and the limitations imposed 
by test conditions encountered when seeking 
experimental verification of the design per- 
formance. 

Differential equations may be classified as 
follows: 

(a) Linear differential equations with con- 
stant coefficients 

(b) Linear differential 
time-varying coefficients 

(c) Nonlinear differential equations 


Of the three classes, constant-coefficient linear 
differential equations are, by far, the most 
widely used and the best understood. The sub- 
ject matter of this chapter is focused exclu- 
sively on methods of solving equations in this 
class. Chapter 9 deals with time-variable 
linear differential equations of a specific type 
that have a wide application. Chapter 10 con- 
siders nonlinear equations and some of the 
techniques for treating them. 


The general form of a linear differential 
equation with constant coefficients is 


d'x 
= “ae 27 
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equations with 


. d’y 


ll 3-1 
dp a 
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where the a’s and b’s are the constant coeffi- 
cients, x(t) is the response function, and y (¢) 
is the input function. The equation is linear 
because the response to a sum of component 
input functions equals the sum of the re- 
sponses to each of the component input func- 
tions. The highest-order derivative of the 
response x present in the equation is called 
the order of the equation. Thus, Eq. (3-1) is 
an equation of the n'" order. The information 
necessary for a solution of the equation is 
a statement of the initial value of the re- 
sponse and the initial values of its first n-1 
derivatives, as well as the value of the input 
y(t). The response can be separated into 
two parts — a general or homogeneous solu- 
tion, and a particular solution. The complete 
solution of the differential equation is the 
sum of the general solution and the particular 
solution. The general solution always has the 
form of a sum of exponentials with real and 
complex arguments; the particular solution 
has the same form as the input or a sum of 
the input and its derivatives. The general 
solution is often called the force-free or tran- 
sient solution ; the particular solution is called 
the forced or steady solution. Each term in 
the transient solution is called a normal re- 
spoase mode or characteristic of the equation. 


The complete solution of a linear differen- 
tial equation is given by 


x(t) —2x,(t) + 3 A;em! (3-2) 


k=1 
where x,(t) is the particular solution, p,. is 
a root of the equation, and A, is a constant- 
amplitude coefficient of a response mode. The 
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root p; is a function only of the coefficients 
a, whereas A, is a function of the a’s, b’s, and 
y(t) [Eq. (3-1)]. The quantities A, and p, 
are generally complex numbers that occur in 
conjugate pairs if the coefficients a, and ); 
and the input function y(t) are real. 


The term root is applied to each of the 
»,’s because these numbers can be found 
from the differential equation by treating 
the differentiating operator d/dt as a real 
variable, replacing it by p for convenience, 
and setting y(t) equal to zero. The algebraic 
equation resulting from such substitutions in 
Eq. (3-1) is 


> a;p' — 0 


¢ =—0 


(3-3) 


This equation is known as the characteristic 
equation. The roots of Eq. (3-3), when de- 
termined, give the p,’s of the normal response 
modes of Eq. (3-2). 

The classical procedure for solving con- 
stant-coefficient linear differential equations 
is covered in many textbooks.“2.34) More 
powerful tools for treating differential equa- 
tions, such as Laplace and Fourier trans- 
forms, are presented in Par. 3-4. For 
situations where the input is sinusoidal or 
stochastic, additional special techniques are 
used. These are discussed later in the text. 


3-2 FACTORING AND CHARACTERISTIC PARAMETERS 
OF RESPONSE MODES 


3-2.1 FACTORING 


In most cases, the solution of a linear dif- 
ferential equation requires the determination 
of the roots of the characteristic equation 
[Eq. (3-3)]. Unfortunately, if the order of the 
equation is high, the process of factoring the 
equation to find the roots becomes extremely 
tedious. For such cases, special techniques 
have been developed (see Pars. 4-4, 5-7, and 
7-1). This section covers some general factor- 
ing procedures applicable to any algebraic 
equation. In addition, the characteristics of 
first- and second-order equations are dis- 
cussed and graphical methods for determin- 
ing the roots of third- and fourth-order 
equations are presented. 

The factoring of rational polynomials is 
covered by many authors. (56.7.8,9,10,33) The 
method presented here is one that is very 
convenient. 

The general algebraic equation can be writ- 
ten as 


DE s.r 


p?+tp4 p" + C,-\p""* +...+ 1p + Co 
2 Cex 


t 
Cc 


rr a ed 


f(p) =p" + Ca-1 p™) + +cp+eo=0 


(3-4) 


If the order n of the equation is odd, one or 
more real roots must exist. The real root (or 
roots) can be determined graphically by plot- 
ting f(p) versus p and noting the zero-cross- 
ing(s) of f(p), or analytically by using 
Horner’s method of synthetic division, with 
the first trial divisor being 


Co 
Cy 


(p+pmi) =p+ (3-5) 


If the equation is reduced to one of even 
order, Lin’s method®) can be used. This 
involves choosing the tria! divisor 


<o (3-6) 


9 


n(p) =p? + 2p+ 
C2 


Next, f(p) is divided by g, (p) as follows: 


(3-7) 


c’op? + cp + Co 
cop? + cp + c’o 
remainder 
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If the remainder of Eq. (3-7) is not negligi- 
ble, a new trial divisor is chosen such that 

Co 
C's 


Next, f(») is divided by the new divisor 
92(p), etc., and the process is continued until 


(3-8) 





92(p) —p?+ 4 py 
C's 


Example. Find the roots of the algebraic 
equation 


the remainder is negligible. The last divisor 
is then a factor of the original equation. Then, 
the quotient [of f(p) and this last divisor] 
is treated in an identical manner, and the 
process is repeated until f(1) is factored 
into quadratic factors whose roots can be 
determined directly. 


f(p) = pt + 10.65p* +-89.0p? +15.50p + 27.0 = 0 (3-9) 
Solution. The first trial divisor is 

_ 15.50p 27.0 (3-10) 
9(p) =P err a + 399 =? + 0.1742p + 0.303 


Dividing f(p) by g:(p) produces 


p> +10.48p + 86.9 


p? + 0.1742p + 0.303 
pi + 0.17p? 


+ 


/'p* + 10.65p* + 89.0p* + 15.50p + 27.0 


0.3p2 


10.48p? + 88.7p? + 15.50p 

10.48p? + 1.8p7+ 3.18p 
second trial divisor———————_——> 86..9p? + 12.32p + 27.0 
86.9p? + 15.14p + 26.3 
remainder—————_————> — 2.82p+ 0.7 
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The second trial divisor is 


12.32 27.0 (3-11) 
ees a HD 
36.9 p 36.9 —p? + 0.1418p 4+ 0.311 





92(p) =p? + 


Dividing f(p) by ge(p) yields 


p?>+10.51p + 87.2 
n? +. 0.1418p +. 0.311 /P" + 10.65p3 + 89.0p? + 15.50p + 27.0 
pi'+ 0.14p? + 0.3p? 
10.51p? + 88.7p? + 15.50p 
10.51p? + 1.5p?4+ 3.27p 
third trial divisor —————————>> 87.2? +. 12.23p + 27.0 
87.2p? + 12.36p 4+ 27.1 
remainder———————> —  0.13p — 0.1 


The third trial divisor is 


12.23 ; 3-12 
93(p) =p? + 372, p+ a = p? + 0.1403p + 0.310 ( ) 





Since g;(p) leaves essentially no remainder, 
the resulting quadratic factors of f(p) are 


f(p) = (p? + 0.1403p +0.310) (p? + 10.51p +87.2) (3-13) 


Factoring the two quadratics in Eq. (3-13), 
the roots of Eq. (3-9) are found to be 


P1,P. = —0.0702 + 7 0.552 and p3,p, — —5.26 + 7 7.72 (3-14) 


3-2.2 CHARACTERISTIC PARAMETERS OF 
RESPONSE MODES 


3-2.3 First Order: (p +c) —0 


The response mode corresponding to the 
first-order factor is of the form 


VALUE OF FUNCTION 


x(t) = Ae~et (3-15) 





The reciprocal of Co is called the tame constant 
of the response mode. 


S 
& 
uw 
bo 
b 
S 


xX — NUMBER OF TIME CONSTANTS 


Useful plots of exponential functions are pre- 
sented in Fig. 3-1. Fig. 3-1 Exponential functions e~ and 1 — e~. 


3-4 ( 
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3-2.4 Second Order: p’? + cip +c) = 0 


The second-order equation can be rewrit- 
ten in the form 





p? + 20 + Wn" = 0 (3-16) 
where 
¢ — —“!__— damping ratio 
Se a 


wW, = Vey = undamped natural frequency 


If ¢ < 1, the response mode corresponding to 
the second-order factor is of the form 

x(t) = Ae*.' cos (wat + ¢) (3-17) 
where 


WO; = W,\/1 — Ct? = damped frequency of 
transient oscillation 


If ¢ = 1, the second-order factor can be fac- 
tored into two first-order factors so that the 
response consists of two first-order modes. 


3-2.5 Third Order !) 
p* + cep? + cp + Cy = 0 
By making the substitution 
Datei dh 
the third-order equation is reduced to 
A? + a,h? +0,A4+1=—0 (3-18) 
where 


Oy = C2/Cy 1/3 and a, = ¢;/Cy */ 


The reduced equation can be factored as fol- 
lows: 
34+ ad? +aA+1= (A+ 1/o,’) 
(A? + 2Cw, A + o,”) 
(3-19) 


where 


(Le — 2Cw,. + as 
w,? 
20 


W, 


+ 0 


Qa, = 





w, — a reference frequency 


Figure 3-2 shows plots of w, versus ¢ for con- 
stant values of a. and a,. Figure 3-3 shows 
plots of a» versus a, for constant values of © 
and w,. From these charts and the third- 
order equations, the roots of the cubic can 
be determined. 


3-2.6 Fourth Order‘'”); 

pt + csp? + cop? + cp + Co = 0 

By making the substitution 

p = Co/42 | (3-20) 
the fourth-order equation is reduced to 

At + agd3 + asd? + aA+1=—0 (3-21) 
where 

Q3 = C3/Cy!/4 

Qe = Co/Co)/? 


a, = C;/ce,3/4 


The reduced equation can be factored into the 
form 


(A2 + 20,2 + we,?) 
(A2 + 2Cw,yh + 0,2) = 0 
(3-22) 


or, alternatively 


(AZ 4 2t,0,0 + w,2) 
[A? + 2(Gp,) (w,pw)A + (w,py)?] = 0 
(3-23) 


where the symbols are defined as follows: 


w, 4 w,, = dimensionless natural] frequency 
of reference component 


C, 4 C, = damping ratio of reference com- 
ponent 


p,, 4,,/w,, = ratio of undamped natural 


frequencies of components 


4 t./t,— ratio of damping ratios of 
components 
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Fig. 3-2 Cubic chart. 





By permission from ‘Solution of the Cubic Equations and the 
Cubic Charts’, by L. W. Evans, bound with “Transient Behavior 


and Design of Servomechanisms’’, by G. S. Brown, 1943, Massa- 


chusetts Institute of Technology. 
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CHART | FOR EQUATION A‘ + a,A3 + ad? + aA + 1 = 0 
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Fig. 3-4 Quartic chart. (Sheet 1 of 2) 


By permission from ‘‘Servomechanisms”, by Y. J. Liu, bound 
with ‘Transient Behavior and Design of Servomechanisms”, by 
G. S. Brown, 1943, Massachusetts Institute of Technology. 
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Fig. 3-4 Quartic Chart. (Sheet 2 of 2) 








THEORY 


To find the parameters defined by Eqs. 
(3-22) and (3-23), the following procedure 
is used: 


(a) Determine the quantities 


M a Fs1~4 
Ao” 


N 4 a7 + a,7 — 4a 


= ao 


= and = (a; + a1) 
ly 2 


(b) Stability can be determined from 
Routh’s criterion (Par. 4-2). 


(c) The quartic chart is shown in Fig. 3-4. 


A sketch of the construction that is used to 
find p , w,, Ps and Ct, is shown in Fig. 3-5. 
Referring to these figures, the determination 
of the parameters of the factored quartic [Eq. 
(3-22) ] is given by the procedure below. 


(d) Locate intersection 3a of the particu- 
lar pair of M and N values on Chart I. Draw 
a line through 3a, parallel to the 135°-inclined 
lines, until it intersects the 45°-inclined scale. 
The intersection on this scale gives pa, where 


Lett) 


Pw 


(e) From the particular a. value on the 
left-hand scale, draw a horizontal line until 
it meets the particular 135°-line found in step 
(d) at point 3b. 

(f) From intersection 3b, draw a vertical 
line that intersects curve P at 3P and curve 
Q at 3Q. 


(g) A horizontal line drawn through 3P 
intersects the immediate right scale of ordi- 
nates at 3d giving the value of p,, and the next 
right (left-hand scale of ordinates of Chart 
II) at 3d’ giving the value of ,. 


(h) A horizontal line drawn through 3Q 
on Chart I intersects the particular curve of 
a3/a, on Chart II at point 4a. The lower ab- 
scissa of 4a gives the value of p,. 


(i) Through 4a, draw a 45°-inclined line 
until it intersects a vertical line correspond- 
ing to the particular value of (a3 + a;)/2 at 
point 4b. A horizontal line drawn through 4b 
intersects the extreme right-hand scale of 
Chart II giving the value of ¢,. 


(j) When p, is obtained in step (d), the 
following equations can be used as an alter- 
nate method of finding p,, w,, Pr» and (,: 














pu = —[t2pe+V Caepa)?—4] (8-24) 
1 
=—— 8-25 
w Te (3-25) 
a3 
Oy fish ee | 
ma (=) (3-26) 
Peo E 
Pa — “| 
7 (a3 + a) 
t. = ——-_____— (3-27) 
(1 + p,) | Vee + ie 
— 1Ly/ 2G =a) (3-28) 
G=s|/ : 
als er 
Vow § 
a 
Pe =< (3-30) 
2 = w 
Ke + Vp | 
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Fig. 3-5 Sketch of the quartic chart. 


By permission from ‘‘Servomechanisms”, by Y. J. Liu, bound 
with ‘‘Transient Behavior and Design of Servomechanisms’”’, by 
G. S. Brown, 1943, Massachusetts Institute of Technology. 


3-3 THE CONVOLUTION INTEGRAL” 


The output time response of any linear 
system to an arbitrary input can be found by 
means of the convolution (superposition) in- 
tegral. If y(t) is the input, z(t) the output, 
and w(t) the impulse response of the system, 
then the output x can be found by evaluating 
the convolution integral 


+09 
u(t) =f dt, w(t) y(t—t,) (3-81) 
or 


+o 
x(t) ={ dt, w(t — t,) y(t,) (3-32) 


This integral applies in every case and is use- 
ful for graphical time-domain studies of sys- 
tem performance. In many situations, how- 
ever, evaluation of the convolution integral 
is tedious, so more refined procedures are 
used (see Pars. 3-4, 3-6, 3-7, 3-8, and 3-9). 


If the system being studied is a physical 
system, then 
w(t) =0fort <0 (3-33) 


The convolution integral then reduces to 


x(t) af dt, w(t) y(t—t)) (3-84) 


or 


x(t) =f dt, w(t —t,) y(t;) (3-85) 


If, as often occurs, y(t) and w(t) are both 
zero for t < QO, then the convolution integral 


reduces to 


x(t) =[ dt, w(t) y(t — ty) 


(3-36) 


or 


x(t) =f dt, w(t — ty) y(ty) 


(3-37) 
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3-4 LAPLACE AND FOURIER TRANSFORMS'2"2'41516171819) 


3-4.1 GENERAL 


Laplace and Fourier transforms are aids 
for solving differential equations and intro- 
duce properties of system performance that 
enhance the designer’s understanding and 
simplify his task. 

The Fourier transform of a function and its 
inverse are defined as follows: 


7U(t)] 4 F(s) & f *" dt e"f(t) [Direct] 
= (3-38) 


J LF(s)] 4 f(t) 42 ("as en F(s) 
[Inverse] (3-39) 


where s = o + jw 


The Laplace transform of a function and its 
inverse are defined as follows: 


LUf(t)] &F(s) 4 f “dt e'f(t) [Direct] 


(3-40) 
CLF (s)] 4 f(t) 4 ("ds e' F(s) 
21) c—joo 
[Inverse]. (3-41) 


where s = the complex variable (or frequency ) 
o + jw. 

The Fourier transform is applicable to 
functions that exist for all time t, whereas the 
Laplace transform is used for functions that 
are zero fort < 0.In the expression (3-41) for 
the inverse Laplace transform, the constant c 
is a convergence factor that enables one to ap- 
ply the Laplace transform to functions whose 
Fourier transforms do not exist. 

The conditions for the existence of the 
Fourier transform of a function, known as 
Dirichlet’s conditions, are 

(a) f(t) has a finite number of discontinu- 
ities in a finite interval 

(b) f(t) has a finite number of infinite- 
valued points in a finite interval 


(c) f(t) has a finite number of maxima 
and minima in a finite interval 


(a) if (t) | dt is finite 


The conditions for the existence of the La- 
place transform of a function are identical 
with those for the Fourier transform except 
that the fourth condition is relaxed to 


{- \f (£)| e-' dt is finite for a finite c 


—o 


3-4.2 THEOREMS 


The following theorems are useful for ap- 
plying the Laplace and Fourier transforms to 
the solution of differential equations: 


(a) L[af(t)] =a F(s) (3-42) 


(b) <0fi(t) + fe(t)] = Fi(s) + F2(s) 
(3-43) 


(c) £ i — s"F(s) — sf (04) 


— s™2f(O+) —... — sf (0+) 
— fO-0(04) (8-44) 


(n tines) 


(d) lf... frwae] == 


0+ + ¢t 
 f(tyat 1. J. f(t)dt 


s" gti 


+ Se vets. xd 


(n-1 timer) 


0+ ; ; | 
+ pS as (3-45) 


(e) £ | f (—)| — 4 F(as) (3-46) 
(f) £ | f fuce — 1) f(x) dx | 
= F,(s) F2(s) (3-47) 
(g) L[f(t—a)] = eF(s) 
if f(t—_a) =0Ofor0<t<a 
(3-48) 
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ye L[f(t+a)] = e“F(s) 
if f(t +a) =—Ofor—a<t<0 


(3-49) 
(i) lim s£[f(t)] = lim f(t) (3-50) 
(j) noses = tim f(0 (3-51) 
(k) Pa 
_ 1 (°F (3 — w)F.(w) dw (3-52) 
207 c—jo 
(1) Lf: (t) fe(t)] A Fi (s) F'e(s) 
(3-53) 


Theorems (a), (b), (e), (f), (i), (k), and 
(1) also apply to the Fourier transform. 
Theorem (c) is called the real differentiation 
theorem and theorem (d) is called the real 
integration theorem. Theorem (e) is used to 
change the time scale of a problem and is 
called the normalization theorem. Theorem 
(f) is the real convolution theorem and, if ap- 
plied to the convolution integral [Eq. (3-35) ], 
yields the very important result 


7{x(t)] — X(s) =7 | fa w(t — ty) y(t) 


— W(s)Y(s) (3-54) 
Theorems (g) and (h) apply to the Fourier 
transform without the stated restrictions. 
Theorem (i) is called the final-value theorem 
and theorem (j) is called the initial-value 
theorem. Theorems (k) and (1) are included 
primarily to prevent the common error sug- 
gested by theorem (1), namely, incorrectly 
stating that the transform of the product of 
two time functions is the product of the sep- 
arate transforms of the functions. 


3-4.3 SOLUTION OF DIFFERENTIAL 
EQUATIONS 


The solution of ordinary linear differential 
equations is accomplished by means of theo- 
rems (a), (b), (c), and (d). Applying these 
theorems to Eq. (3-1), one obtains 


Y(s) + B(s) 


» a\s'‘} X(s) — A(s) = » bjs) 


i=) j——O0 


(3-55) 
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where A(s) is a polynomial in s depending 
upon the a’s and the initial values of x and its 
first (n-1) derivatives, and B(s) is a poly- 
nomial in s depending upon the b’s and the 
initial values of y and its first (m-1) deriva- 
tives. The response transform can be obtained 
by solving Eq. (3-55) for X (s) 





> b,s! B(s) + A(s) 
X(s) = = Y(s) +12 | 
(3-56) 


In words, this equation can be written 


response \___/ system input 
transform / — \ function /\transform 
initial condition s 

a ( function on 


The ratio of the response transform to the 
input transform when all initial conditions 
are zero (i.e., the initial condition function is 
zero) is called the system function or the 
transfer function of the system. This function 
depends only upon the coefficients of the dif- 
ferential equation and is independent of the 
input and the initial conditions. Comparing 
Eq. (3-57) (with initial condition function set 
equal to zero) with Eq. (38-54), it is evident 
that the transfer function of a system equals 
the transform of the impulse response of the 
system for a unit impulse. 


Transforming a differential equation en- 
ables the analyst to replace the processes of 
differentiation and integration by simple al- 
gebraic processes. Then, the transform X (s) 
can be found algebraically. Subsequently, the 
system response x(t) corresponding to the re- 
sponse transform X (s) can be found by using 
the inversion theorem [Eq. (3-41) ]. However, 
this theorem usually involves contour integra- 
tion in the complex s plane. To avoid this in- 
tegration, tables of transform pairs have been 
constructed that give the time function cor- 
responding to a given transform directly. A 
brief list of commonly used transform pairs is 
given in Table 3-1. More extensive tables can 
be found in references (18), (20), and (21). 
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TABLE 3-1 LAPLACE TRANSFORM PAIRS 





5_,(¢), unit step 


§_2(¢), unit ramp 


a 
S 
Es 
gs? 

1 












(lL) Crs 


(2) C= 1: tent 









1 







Sta 


ES 


(s+ a)? + BP 
ee 
1 1 {"-1 
(Ts + 1)" 


If tables of transform pairs are unavailable, 
or if the particular transform whose inverse 
is sought is not listed in the tables, the method 
of partial fractions may be used to expand the 
transform into a sum of terms, each of which 
is readily recognized as the transform of a 
simple time function. If the transform whose 
inverse is sought is a ratio of rational poly- 
nomials, the roots of the numerator polyno- 


59 (t), unit impulse 





a 
onl —e 


CO to eer 





1 













e—,! sin wn, V1 — Ct 


ett sin tw, VC? — lt 







mial are called the zeros of the function and 
the roots of the denominator polynomial are 
called the poles of the function. If the poles of 
the function are not repeated, they are called 
single-order poles. The order of a multiple- 
order pole is the number of times the pole is 
repeated. For a function containing only 
single-order poles, the partial-fraction expan- 
sion of the function is 
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N(s) * kK, i 
MO) eT aca (3-58) 
where 
K, A (s = $,) N(s) 
D(s) Ck 
zx Ce (3-59) 
D’(s) 


and s* is the kth root - the denominator poly- 
nomial D(s). 

If the transform contains multiple-order 
poles, the partial-fraction expansion of the 
function is 





N(s) _ mn ome K,.; 
oN Gy ) Mii (s—s, ) aes were 
where 
K,; 4 a 
~ (7-1)! 
| a | eo Ns) (3-61) 
ds D(s) "E 


and m, is the order of the pole of F(s) at 


Ss = §S,. 


From Eqs. (3-58) and (3-60), it is obvious 
that the expansion of a rational function 
‘when inverted produces a sum of exponential 
terms for the corresponding time function. 
Terms containing exponentials with complex 
arguments will appear in conjugate pairs and 
can therefore be combined to form product 
terms (exponential multiplied by a sine or 
cosine function) representing damped sinu- 
soids. 


Example. The system defined by the equa- 
tion 


*e . 15.502% 


— + 10. 65 <2 g9.0 2 
= a di 


= 





dt? 


+ 27.0% = 27.0y (3-62) 


is initially at rest. At ¢ = 0, a unit ramp input 
is applied. Find the difference between the 
input y and the output x as a function of time. 


Solution. Since the system is initially at rest, 
all initial conditions are zero. Transforming 
Eq. (3-62) results in 


X (s) = 
27.0 V\(s) 
st + 10.65s3 + 89.0s? + 15.50s + 27.0 
(3-63) 
Let 
e(t) = y(t) — x(t) (3-64) 


Then, transforming Eq. (3-64) and substitut- 
ing for X(s) from Eq. (3-63), E'(s) becomes 


E(s) = 
s[s? + 10.65s? + 89.0s + 15.50] ¥(s) 
s* + 10.65s3 + 89.0s? + 15.50s + 27.0 
(3-65) 
By referring to the values of the roots given 


in Eq. (3-14), the denominator D(s) of Eq. 
(3-65) can be factored as follows: 


D(s) = (s + 0.0702 —70.552)(s + 0.0702 + 70.552) 


(s + 5.26 — 77.72) (s + 5.26 + j7.72) 


(3-66) 








THEORY 


The transform of y(t), found from Table 
3-1, is 


Y(s) = + (3-67) 
g2 
Using the factored form of the denominator 


and substituting 1/s? for the value of Y(s) 
in Eq. (3-65) results in 


[s? + 10.658? + 89.0s + 15.50] 


Te Cy a 
(s) s[s + 0.0702 — 70.552] [s + 0.0702 + 70.552] [s + 5.26 —j77.72] [s + 5.26 + 77.72] 
(3-68) 
Since two pairs of the poles of E'(s) appear 
as conjugate pairs, the partial-fraction ex- 
pansion of E'(s) can be written 
K K. Ks K 
Dai ay Bg as, Se 
(s) $ T s + 0.0702 — 70.552 a s + 0.0702 + j0.552 T s + 5.26 — 77.72 
s + 5.26 + 97.72 
where a bar over a constant indicates the 
complex conjugate of the constant. Using the 
expansion theorem [Eq. (3-59) ] 
15.50 
K,;= or 0.574 (3-70) 
fie isla wees 
s(s + 0.0702 + 70.552) (s? + 10.51s + 87.2)] s=-0.0702 + jo.a52 
(3-71) 
K., = 0.918 e+ #0-so2x (3-72) 
(s? + 10.65s° + 89.0s + 15.50) agate 
Kk, = |—_——_—_ — 2. ~4 g-J0.2Tix 
: fr + 0.1403s + 0.310) (s + 5.26 + 97.72)) 5 =-5.26 4 57.72 ce eee 
(3-73) 
Kz = 2.89 & 10-4e+#0.277% (3-74) 
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Inverse transforming Eq. (3-69) 
e(t) = 0.574 + 0.918 e-9.0702¢ 


[ ef(0.5521 — 1.89) + e75(0.552¢ — 1.89) ] 
4+. 2.89 x 10-4 €-5-26 


[ eit To! - 0.87) + e75(7.72t ~ 0.87) | (3-75) 


The bracketed functions on the right side of 
Eq. (3-75) are recognized as cosine functions, 
so that e(t) can be written as 


e(t) = 0.574 + 1.836 e-9.0702¢ 
cos (0.552t — 1.89) 
+ 5.78 X 10-4 e*2"" cos (7.72¢ — 0.87) 
(3-76) 


It is convenient for plotting purposes to write 
the arguments of the cosine functions in de- 
grees and to use trigonometric identities to 
reduce the phase angles to angles smaller 
than 45°. If this is done, e(t) can be written 
as 


e(t) — 0574 + 1.836 e992! sin 
(31.6¢ — 18.3)° — 5.78 & 107 e-*-?" sin 
(442¢ + 40.2) ° (3-77) 


3-4.4 FREQUENCY RESPONSE 


It is often important to find the response 
of a system to a sinusoidal input. For a sinu- 
soidal input, the output of the system will also 
be sinusoidal after transients have died out. 
The amplitude and phase angle of the output 
relative to the input are dependent only upon 
W(s), the transfer function of the system, 
and can be determined by letting s = jw in 
the transfer function, where w is the fre- 
quency (in radians/second) of the input sinu- 
soid. The ratio of output amplitude to input 
amplitude is then given by 


A, 

Ay 
where A, is the output amplitude, A, is the 
input amplitude, and W(s) is the transfer 
function of the system. The phase angle of 
the output relative to the phase angle of the 
input is given byt 


ox — dy = LZ W(jw) (3-79) 


where ¢, is the output phase angle and 4, is 
the input phase angle. 





= |W (jw) | (3-78) 


When the transfer function of a system is 
evaluated as a function of frequency for a 
sinusoidal input, the complex function that 
results is called the frequency response of the 
system. 


+Symbol / denotes “angle’’ 


3-5 BLOCK DIAGRAMS AND SIGNAL-FLOW GRAPHS (°22.23.24.25,26,27,28) 


3-5.1 BLOCK DIAGRAMS 

Equations (3-54) and (3-57) demonstrate 
that, with zero initial conditions, the trans- 
form of the output of a system can be ex- 
pressed in terms of the input transform and 
the system function. The system function can 
be thought of as an operator. That is, the sys- 
tem function operates on the input transform 
to produce the output transform. In a similar 
manner, the system operates on the input to 


produce the output in the time domain, the 
operation being defined by the convolution in- 
tegral [Eq. (3-31) ] and depending only upon 
the impulse response of the system. The con- 
cept of an operator is presented pictorially by 
the technique known as operational block dia- 
gram algebra. The block diagram of a system 
is the pictorial representation of the mathe- 
matical operations involved in the differential 
equations that describe the system. 
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Table 3-2 presents a list of symbols used in 
the block diagram representation of a system 
and Fig. 3-6 presents a list of reductions that 
enable one to simplify or reduce the block 
diagrams of a system. Since the block dia- 
gram contains no more information than the 
differential equations, the manipulation of a 
block diagram is merely a pictorial process 
of manipulating the differential equations. 
The advantage of a block diagram representa- 
tion is that the operational relations in a sys- 
tem are emphasized rather than the hard- 
ware. By becoming familiar with common 
block arrangements, the designer can inter- 
pret the function of various elements in a sys- 
tem much more rapidly than would be pos- 
sible from an inspection of the differential 
equations. 


Example. The transformed equations of a 
servomotor driving an inertia load coupled 
to the motor through a flexible shaft are 


Tm = (JI mS? + finS) Om + K (On — 61) (3-80) 
K (6m — 6.) = J18?6, + Tr (3-81) 
where 
K = shaft stiffness 


6,, = load angle 


T m= motor torque 
Jm = motor inertia 


fm = Mmotordamping  J,, = load inertia 


6,, = motor angle T;,,= load torque 


The damping of the flexible shaft is assumed 
to be negligible. Draw the block diagram of 
the system and reduce the diagram, keeping 
the motor angle 6,, and the load angle 6, in 
evidence. 


Solution. The block diagram of the system is 
drawn in its “primitive” form in Fig. 3-7A. 
The successive steps necessary to reduce the 
“primitive” diagram to the desired form are 
shown in Figs. 3-7B to 3-71 with the rules 
used for each step indicated below each step. 


TABLE 3-2 BLOCK DIAGRAM SYMBOLS 


X variable 
—_——p_ 
X Y | operator 
xX Y 


summing point 


splitting point 


multiplier 
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ORIGINAL DIAGRAM EQUIVALENT DIAGRAM 








Fig. 3-6 Block diagram manipulation and reduction “rules”. (Sheet 1 of 3) 
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ORIGINAL DIAGRAM EQUIVALENT DIAGRAM 


=a 
ob 














— 


Fig. 3-6 Block diagram manipulation and reduction “rules”. (Sheet 2 of 3) 
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WHERE A, = AC - 8D 





WHERE A, = 1 - ABCD 


Fig. 3-6 Block diagram manipulation and reduction “rules”. (Sheet 3 of 3) 
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A. ELEMENTARY BLOCK DIAGRAM 





B. USE OF RULE 9 OF FIG. 3.6 





C. USE OF RULE 3 OF FIG. 3-6 


Fig. 3-7 Block diagram examples. (Sheet 1 of 3) 
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D. USE OF RULE 110F FIG 3.6 





F. USE OF RULES 6 AND 8 OF FIG. 3.¢ 


Fig. 3-7 Block diagram examples. (Sheet 2 of 3) 
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G. USE OF RULE 3 OF FIG. 3-6 





H. USE OF RULE OF FIG. 3.6 





1. USE OF RULE 10F FIG. 3-6 


Fig. 3-7 Block diagram examples. (Sheet 3 of 3) 
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3-5.2 SIGNAL-FLOW GRAPHS (27.28) 


An alternate procedure for representing 
the differential equations of a system pictori- 
ally is Mason’s®” signal-flow graph method. 
In a signal-flow graph, variables are repre- 
sented by points called nodes and transfer 
functions are represented by directed lines or 
branches called transmittances. The distinc- 
tion between the summing points and the 
splitting points of block diagram algebra is 
eliminated in the signal-flow graph. The rules 
for drawing a signal-flow graph are as fol- 
lows (8) ; 

(a) Signals travel along branches only in 
the direction of the arrows. 


(b) A signal traveling along any branch 
is multiplied by the transmittance of that 
branch. 

(c) The value of the variable represented 
by any node is the sum of all signals entering 
the node. 

(d) The value of the variable represented 
by any node is transmitted on all branches 
leaving that node. 


Example. The two equations 
XL, = bor Lo + b11 Xi + boy Le 


Xe = bye Lo + bie Xi + bee Lo 


(3-82) 
(3-83) 


are represented by a signal-flow graph in Fig. 
3-8. 





Fig. 3-8 Signal-flow graph in three variables. 


For convenience, the signal-flow graph is 
usually drawn such that no branch enters an 
input node or leaves an output node. This is 
accomplished by introducing an additional 
node connected by a unity-transmittance 
branch to each input and output node as 
shown in Fig. 3-8, where the input node is as- 
sumed to be x» and the output node is as- 
sumed to be 2. 


The order of a signal-flow graph is a meas- 
ure of the number of independent feedback 
loops and thus indicates the complexity of the 
system. The order of the signal-flow graph is 
the minimum number of essential nodes — 
those nodes that must be removed to eliminate 
all feedback paths. A node is removed either 
by setting the variable associated with the 
node equal to zero or by deleting all branches 
leaving the node. Signal-flow graphs of orders 
one and two are shown in Figs. 3-9 and 3-10, 
respectively. The signal-flow graph of Fig. 
3-8 is of order two, the essential nodes bemg 
x, and Xo. 

The reduction of signal-flow graphs is ac- 
complished by application of the following 
rules (28) : 

(a) Two parallel paths may be replaced by 
a single path with a transmittance equal to 
the sum of the two original transmittances 
(Fig. 3-11). 

(b) Two cascaded paths are equivalent to 
a single path with a transmittance equal to 
the product of the two original transmit- 
tances (Fig. 3-12). 


(c) The termination of a branch with 
transmittance t can be shifted one node for- 
ward by the following steps (Fig. 3-13) : 


(1) Determine all the branches leaving the 
original terminating node x of branch t. 


(2) Draw new branches from the starting 
node x, of branch t to the terminating nodes 
of all the branches leaving the terminating 
node zx. 


(3) To each of the new branches thus 
drawn assign a transmittance equal to the 
product of ¢ times the transmittance from 
node x to the node on which the new branch 
terminates. 


(4) Eliminate the original branch t. 
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(5) Change che variable of the original 
node x to x’ = x — t2p. 


(d) The starting point or origin of a 
branch with transmittance ¢ can be shifted 
one node backward by the following steps 
(see Fig. 3-14): 

(1) Determine all the branches entering 
the original starting node x of branch t. 


(2) Draw new branches from the starting 
nodes of all the branches entering starting 
node x to the terminating node xz, of branch ft. 


(3) To each of the new branches thus 
drawn assign a transmittance equal to the 
product of ¢ times the transmittance from the 
node at which the new branch starts to node x. 


Xin x, X5 X3 Xout 


A. ORIGINAL GRAPH 


Xin X, (X.) X5 Xout 
B. ESSENTIAL NODE REMOVED 


Fig. 3-9 Signal-flow graph of order one. 


Xin X X» X3 x4 Xout 


A. ORIGINAL GRAPH 


ae oe 


® 
B. ESSENTIAL NODES REMOVED 


Fig. 3-10 Signal-flow graph of order two. 


(4) Eliminate the original branch ¢. 


(e) A self-loop with transmittance t of a 
node x can be removed by dividing the trans- 
mittances of all branches entering node x by 
(1 — ¢t) and eliminating the loop (Fig. 3-15; 
in this figure ¢ = t.., where the first sub- 
script denotes the node on which the branch 
originates and the second subscript denotes 
the node on which the branch terminates). 


Note, in rule (c), that a self-loop is created 
at node 2, for a branch starting from the 
terminating node x of branch t and ending on 
the starting node x» of branch t (Fig. 3-13 
does not happen to have such a branch). In 
rule (d), a self-loop is created at node x, for 
a branch starting from the terminating node 
x, of branch ¢t and ending on the starting node 
x of branch t. 


Example. The various steps involved in re- 
ducing the second-order signal-flow graph of 
Fig. 3-8 are shown in Fig. 3-16. 





A. ORIGINAL GRAFH 





B. EQUIVALENT GRAPH 


Fig. 3-11 Signal-flow graph showing addition of 
parallel branches. 
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A. ORIGINAL GRAPH 





B. EQUIVALENT GRAPH 


Fig. 3-12 Signal-flow graph showing multiplication 
of cascaded branches. 





ed 


B. STEPS (1) AND (2) — INTRODUCTION OF NEW BRANCHES 








B. STEPS (1) AND (2) .- INTRODUCTION OF NEW BRANCHES 





C. STEPS (3) AND (4) — ELIMINATION OF OLD BRANCH AND 
LABELLING OF NEW BRANCHES 


Fig. 3-14 Signal-flow graph showing origin shifted 
one node backward. 





X= X —~ tx . 
1X Fig. 3-13 Signal-flow graph 
C. STEPS (3), (4), AND (5) - ELIMINATION OF OLD BRANCH; Ags ee 
LABELLING OF NEW BRANCHES, CHANGE OF VARIABLE AT & showing fermination 


TERMINATING NODE OF OLD BRANCH 


™ 


shifted one node forward. 
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Xin 
Pas) tie X, to3 X3 
A. ORIGINAL GRAPH 
X, X3 
-—$_ $e _—____—__o 
xX, tie ts 





Y= tos 
B. EQUIVALENT GRAPH 


Fig. 3-15 Signal-flow graph showing elimination 
of a self-loop. 







XIN 
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C. MOVEMENT OF aaa (er 
NODE X, TO NODE X, 


1 Xo 





toy 
1 - try 


B. REDUCTION TO FIRST-ORDER GRAPH 
BY ELIMINATING SELF-LOOPS 











Xout 


trates 
Wath Kt tp) 


1 






oy 
T-thy 


( 


TERMINATION FROM 


\, 


- too 


too tes + to, (1 — too) 
(T=ty M1 = typ) 


| 


1 Xour 





tigtes 
(1th XI —toa) 
D. CASCADE AND PARALLEL BRANCHES COMBINED 


toot, + y(T-t ) 
(T= thy Xl too) - thatoy 


| 


1 Xo XxX, 1 


E. REDUCTION TO ZERO-ORDER GRAPH 
BY ELIMINATION OF SELF-LOOP 


Fig. 3-16 Signal-flow graph showing reduction 
of second-order graph. 
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3-6 APPROXIMATE NUMERICAL AND GRAPHICAL METHODS OF 
DETERMINING TRANSIENT RESPONSE 


A large variety of graphical] and numerical 
procedures (29 t45) have been proposed that 
enable the designer to determine the follow- 
ing: (1) the transient response of a system, 
knowing the frequency response; (2) the 
frequency response, knowing the transient 
response; or (3) the response of a system to 
an arbitrary input. These graphical and nu- 
merical procedures are particularly useful 
when purely analytical procedures are too 
difficult or time-consuming. When using La- 
place or Fourier transforms, the difficulty 
that arises is primarily one of factoring high- 
order polynomials. When the convolution in- 
tegral is involved, its direct evaluation is 
often time-consuming and difficult. If experi- 
mental] data are available in the form of tran- 
sient responses or frequency responses of 
system components, it is desirable to avoid 
the problem of approximating the data with 
analytical functions. 


In many of the techniques, the determina- 
tion of the transient response of a system 
from its frequency response is based on the 
real-part and imaginary-part integrals, i.e., 


f(t) = = [dw cos wt Re[F(jw)] (3-84) 
It 0 


f(t) =— = [dw sin wt Im[F Go) ] 
a Jo 
(3-85) 
where Eq. (3-84) is the real-part integral, 
Eq. (3-85) is the imaginary-part integral, 
f(t) is the time response to be evaluated, and 
F'(jw) is the transform of f(t) evaluated for 
s = jw. 
Floyd“) uses Eq. (3-84) to determine the 


time response corresponding to a transform 
F(s) satisfying the following conditions: 


(a) F(s) is a rational function. 
(b) lim F(s) = 0. 
8—> co 


(c) F(s) has no poles in the right-half s 
plane or on the imaginary axis. 


The procedure used in Floyd’s method is as 
follows: 


(a) The function Re[F' (jm) ] is plotted to 
a linear scale and approximated by a series of 
straight-line segments. 


(b) The straight-line approximation is 
written as a sum of trapezoidal functions 
having the general form shown in Fig. 3-17. 

(c) The time response corresponding to 
each of these component trapezoids is given 
by a relation of the form 





f(t) —2- A, Si(wt) Si(Adt) (3-86) 
I 
where 
Si(x) 4 02 (3-87) 


and the quantities A,, w, and A; are defined in 
Fig. 3-17. 

(d) The total time response is obtained by 
taking the sum of the individual time re- 
sponses corresponding to each component 
trapezoid, i.e., for k trapezoids 


f(t) = 5 = A, Si(wt) Si (Ait) 


=1 


(3-88) 


Re(F(jw)) ——> 





Fig. 3-17 Geometry of general trapezoid for 
approximating Re[F(jw)]. 
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Example. A unity-feedback system has the 
closed-loop response 


C(s) _ 
R(s) 


1.4s + 0.14 
sit s?+ 1.4s + 0.14 
(3-89) 
Find the impulse response w(t) of the sys- 
tem. 


Solution. Re[W (jw) ] is plotted in Fig. 3-18 
and the straight-line approximation to this 
function is shown as the dashed curve. 


Sketches of the straight-line approximation 
and the trapezoidal decomposition of this ap- 
proximation appear in Fig. 3-19. From the 
approximation and the definitions of Fig. 
3-17, the parameters of the trapezoids can be 
shown to be those listed in Table 3-3. 


The impulse response is therefore given by 


W (s) = 


w(t) — 2 [—0.01 Si(0.12t) Si(0.12t) 
IU 


+ 1.71 Si(1.06¢) Sz(0.41¢) 
— 0.59 Si(2.05¢) Si(0.57¢) 
— 1.08 S2(4.89¢) Si(2.27¢) J 


(3-90) 


This response is plotted in Fig. 3-20 along 
with the exact impulse response determined 
by inverse transforming W(s). 


Guillemin 44.45) uses a different approxima- 
tion to Eq. (3-84). If the real-part function 
is differentiated n times, the corresponding 
time function is found to be 


nr 


2 (—-1)2 ¢” 
t) =— ——- t 
f(t) == Af" do c08 


dw" 


(3-91) 


if n 1s even, and 


f(t) = 


9 atl A. 
* (—1) a) dw sin wt 
JC tn 0 du" 


(3-92) 
if n is odd. 


TABLE 3-3 PARAMETERS OF TRAPEZOIDS 





d"Re[F (jw) ] 


d"Re[F (jw) ] 
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If a straight-line approximation to Re[F (jw) ] 
is differentiated twice, the second derivative 
of the approximation is a series of impulses 
in the frequency domain extending over posi- 
tive and negative frequencies. Thus 

d?Re[F' (jo) ] 


= Aydy (W 
== 180 (w) 


++ = a; [3 (wo — w;) + 89(@ + @;) ] 
- (3-93) 
where the 8’s are unit impulses. 


The time response can then be found from 


oe Eo ae s a, cos of | 
2 g= 1 


nt? 
(3-94) 


As checks on the approximations of Floyd 
and Guillemin, the following relations hold: 


f(t) = 


f(0) 


—{" dw Re[F (jo) ] = 3 =A, 
(3-95) 


where A,, is the area of the nth trapezoid in 
Floyd’s approximation. 


Qy 


+ > a,=0 (3-96) 


j=l 
where a, is the magnitude of the jth impulse 
in Guillemin’s approximation. 


6(0) — 1} aw; 


(3-97) 


where a, is the magnitude and a; is the fre- 
quency location of the jth impulse in Guille- 
min’s approximation. 
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Stallard@®) has suggested a method for 
obtaining the time response applicable to con- 
trol systems having an oscillatory response. 
In particular, the response c(t) of a control 
system whose input r(¢) is a unit step 8_; (t) 
can be approximated from 

sie 4 > Rel W (j7nw;) ] sin na,t 

U  n=1,3,5,... 
(3-98) 
where 


C(s) 
R(s) 


@o 
9 


Wo = cutoff frequency at which the phase 
angle of W(jw) is —90° 


By using about eight terms of the series [Eq. 
(3-98) ], an accurate representation of the 
step response of the system is obtained that 
is valid over the interval 


W(s) = , the closed-loop transfer 


function 





@, = 


GCct= =: 
W1 


REAL-PART FUNCTION R:- [W(jo)] 


If the impulse response or the ramp response 
of the system is sought, Eq. (3-98) can be 
differentiated or integrated term-by-term to 
obtain the desired response. 


When using the real-part integral [Eq. 
(3-84) ] and the various approximations de- 
rived from it, a convenient method of finding 
Re[W (jw) ] is often desired when the impulse 
response of a feedback control system is 
sought. Since many of the design procedures 
discussed in Chs. 5 and 6 employ a graphical 
representation of the open-loop response 
C(jw)/E (jw) in the gain-phase plane (see 
Ch. 5), Fig. 3-21 is included. This chart pre- 
sents contours of constant Re[W(jw)] on 
the gain-phase plane. If the open-loop fre- 
quency response C(jw)/E (jw) is plotted on 
this chart, the intersection of the C(jw)/ 
E(jw) function with the Re[W(jw)] con- 
tours at each frequency determines the real 
part of the closed-loop response W(jw) as a 
function of frequency. 





ANGULAR FREQUENCY « 


Fig. 3-18 Real-part function for W(s) = 


3-3] 


1.4s + 0.14 
si+s?+ 1.45+ 0.14 
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-0.51 





A. STRAIGHT-LINE APPROXIMATION FOR RelW(jw)] 
OF FIG. 3-18 


TIME RESPONSE w(t) 





Fig. 3-20 Impulse response from Floyd's method 


1.4s + 0.14 


WAN a ys OAK 
s°-+ s*-+ 1.4s + 0.14 





B. TRAPEZOIDAL DECOMPOSITION 


Fig. 3-19 Trapezoidal approximation for Re[W(jw)]. 
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Fig. 3-21 Gain-phase loci 
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3-7 ERROR COEFFICIENTS FOR DETERMINING RESPONSE 
TO AN ARBITRARY INPUT 


The convolution integral [Eq. (3-31) ] 
gives the response of a linear system to any 
arbitrary input. In many control applications, 
the input function is specified as an arbitrary 
function of time that cannot be classified as 
a transient or sinusoidal input. Since the 
evaluation of the convolution integral 
usually involves a tedious graphical or 
analytical procedure, methods of simplifying 
the calculation of the response of a unity- 
feedback system to an arbitrary input have 
been devised. 


One of the most useful techniques is called 
the error-coefficient method. 94647) In this 
procedure, the convolution integral is ex- 
panded in a Taylor series. To insure con- 
vergence of the expansion, it is assumed that 
the input and its derivatives have no discon- 
tinuities in the time interval of interest. 
The forced response to the input is then 


e(t) = eyr(t) + e:7’(t) + eo” (t) +... 
(3-99) 


where éy, é;,... are called the error coeffi- 
cients of the system. It can be shown that the 
error coefficients are the coefficients of the 
Maclaurin series expansion of the error-to- 
input transfer function E'(s)/R(s), i.e, 


E(s) 
R(s) 
The easiest way to expand E(s)/R(s) for 


rational functions is to divide the numerator 
polynomial by the denominator polynomial. 


= 4+ e,8 + es? +... (3-100) 


The first few error coefficients expressed in 
terms of the parameters of the open-loop 
function C(s)/E'(s) are listed in Table 3-4 
for a unity-feedback system. 


Equation (3-99) shows that the response 
of a system to an arbitrary input can be ex- 
pressed in terms of the error coefficients, the 
input, and the derivatives of the input. The 
only restriction is that the input and its 
derivatives have no discontinuities in the 
time interval of interest. In particular, if 
there is a discontinuity in the input or one of 
its derivatives, the error-coefficient expansion 
applies after the transient due to the discon- 
tinuity has died out. 


In using the expansion, it usually suffices 
to terminate the series after the first four 
nonzero error coefficients. If the series is ter- 
minated after the kth error coefficient, an ap- 
proximate bound on the remainder of the se- 
ries is given by 


pe(t)| SS] r@t (et) Cr 41 




















max 
(3-101) 


where p(t) is the remainder, r+) (¢) is the 
(k + 1)th derivative of the input r(t), and 
€.,1 is the (k+1)th error coefficient. The 
bound [Eq. (3-101) ] applies in most practi- 
cal cases if four or more nonzero terms are 
used in the expansion. For the restrictions on 
Eq. (3-101), see reference), 
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3-8 RESPONSE TO STATIONARY STOCHASTIC INPUTS ““”***" 


As discussed in Par. 2-6, the response of a 
linear system to a stochastic input cannot be 
expressed as a specific function of time. The 
only way to describe system behavior in the 
presence of stochastic inputs is in terms of the 
statistics of the input and the response. Theo- 
retically, an infinite number of statistics is 
required to describe a stochastic process com- 
pletely. Practically, however, only a few sta- 
tistics are used. 


The probability density functions are direct 
measures of the chance of occurrence of cer- 
tain events in the process. The first probabul- 
ity density function of a stochastic variable 
r(t) is denoted by 


P,(7,,t:) 4 probability that the variable has 
a value r, at time ¢,. 


The second probability density function is de- 
noted by 


P2(11,t; ;72,t2) 4 probability that the vari- 
able has a value 7, at time 
t, and a value 7. at time f. 
simultaneously 


In practice, only the first two probability 
density functions are used. For a stationary 
stochastic process, the first probability den- 
sity function is independent of the time 1¢,; 
the second probability density function is a 
function only of the time difference (t. — t,). 


Twc commonly used probability density 
functions are the normal distribution and the 
Poisson distribution. The norma! distribution 
is given by 








1 fr—r \2 
P(r)dr= Ege o ) ar 
G \/2n 
(3-102) 


where P(7) dr is the probability of finding r 
between r and r + dr, 7 is the mean value of 
r (to be defined below), and o is the standard 
deviation of r (to be defined below). The 
Poisson distribution is given by 


(vAt) N e-v4t 


P(N,At) = NI 


(3-103) 
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where P(N,At) is the probability of finding 
N events in a time interval At, and v is the 
average frequency of occurrence of the events. 


In general, the average or mean value of a 
stochastic variable 7 is given by 


+00 
Ff or P(rt) ar (3-104) 


—c 


For a stationary stochastic process, the mean 
value is independent of time and can also be 
found from 


, 1 tt 
—A lim ——_ 


(3-105) 
The mean-square value of a stochastic vari- 
able or process is given by 


Fak te 
if =f r2P (r,t) dr (3-106) 


ie) 


For a stationary stochastic process, the mean- 
square value is also given by 


—salim 1 +7 
r = —— 2 


(3-107) 
The root-mean-square (rms) value is the 
square root of the mean-square value. 


The variance of a stochastic process if given 
by 

vA [r—r]? (3-108) 
The standard deviation o is the square root of 
the variance. It can be expressed in terms of 
the mean value and the mean-square value as 
follows: 


(3-109) 


In most applications, rms values and mean 
values are usually the most common statistics 
used. To aid in the determination of these 
quantities, statistics called correlation func- 
tions are used. The autocorrelation function 
¢rr(t) of a stationary stochastic process r(t) 
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is defined as the mean value of the product of 
the function 7 at time ¢t bv the function 7 at 
time ¢ + 1, i.e., 


grr(t) Ar (t)r(t +1) (3-110) 
1 tt 
slime J, Trt +t) dt (8-111) 


The crosscorrelation function $ (t) between 
two stationary stochastic processes r(t) and 
w(t) is defined as the mean value of the prod- 
uct of the function r at time t by the function 
uw at time t + t, i.e., 


¢,,(t) Sree t+ (3-112) 


+1 

= lim 7 r(t)p(t+1) dt (8-118) 

From the definition of the autocorrelation 

function [Eq. (3-110) ], it is evident that the 

mean-square value of a stochastic process 

equals the value of the corresponding auto- 
correlation function with zero argument: 


Useful properties of the correlation func- 
tions are as follows: 


(a) 9¢,,(t) = ¢,,(—t) [even function] 


(3-115) 
(b) Iber(t)| S bn (0) (3-116) 
(c) lim grr(t) =r" (3-117) 
(d) ¢,, (1) =4,, (—1) (3-118) 
(e) 14, (t)| Sy/sr (0). (0) (8-119) 
(f) lim ¢,, (1) = 7H (3-120) 


A few examples illustrating the use of auto- 
correlation functions follow. If r(t) is a rec- 
tangular wave with values +6 or —f ana with 
zero crossings located at event points that 
are Poisson-distributed in time with an aver- 
age frequency of v, the autocorrelation func- 
tion of the process is given by 


) Grr (t) = B? e-2y|«| (3-121) 


If r(t) is a rectangular wave with ampli- 
tude values distributed in any fashion and 
with zero crossings located at event points 
Poisson-distributed in time with an average 
frequency v, the autocorrelation function of 
the process is given by 


or (t) = er] +7 (3-122) 


where o is the standard deviation of the am- 
plitude distribution, and 7 is the mean value 
of the amplitude distribution. 

If r(t) is a train of identical finite pulses 
whose starting points are Poisson-distributed 
in time with average frequency v, the auto- 
correlation function of the process (known as 
“shot noise’’) is given by 


"ety f(t) de +7? 
_ (3-123) 


drr(t) =v 


where f(t) is the time variation or wave- 
form of a single pulse and r is given by 


ravf f(t) dt 


oo 


(3-124) 


If r(t) is pure or “white” noise, the auto- 
correlation function is given by 


grr (t) = y8o(t) (3-125) 


where y is a constant that depends on how th- 
process is generated. 


Thus, if “white’’ noise is considered as a lim- 
iting case of shot noise generated by ex- 
ponential pulses of amplitude A and time 
constant T (where the amplitude approaches 
infinity and the time constant approaches 
zero with the area s under the pulse held 
constant), then the constant y is given by 


vS 
Y=7—z 


5 (3-126) 


where v is the average frequency of occur- 
rence of the pulses. 


Because the correlation functions are com- 
pletely defined as functions of a time vari- 
able t, they are Fourier transformable. By 
convention, 1/2x times the Fourier transform 
of a correlation function is called a power 
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spectrum or a power-density spectrum. Thus, 
the power-density spectrum ®,,(s) of a sto- 
chastic process is defined as 


+00 
®,,(s) 4 = dt e* $,,(t) 


—c 


(3-127) 


The cross-power-density spectrum between 
two stochastic processes r(t) and w(t) is de- 
fined as 

® (s)4 tf” dees (1) (3-128) 
ry = On ae Tv Pix. v a 
Given the power spectra, the corresponding 
correlation functions can be found by inverse 
transformation, i.e., 


1 pte 


rr (T) = 7 ®,,.(s) et ds (3-129) 


+5e0 
oe (s)e** ds 


—@ 


1 
$, 0) = (3-130) 
In terms of the power-density spectrum, the 
mean-square value of a stochastic process 
can be found by evaluating the following 
integral: 


a ®,.(w) dw (3-131) 


Useful properties of the power spectra are 
®,,.(s) = ®,,(—s) (even function) (3-132) 


® (s)=® (—s) (3-133) 


Having established some of the statistics 
of stationary stochastic processes, the re- 
sponse of a linear system to a stochastic input 
can now be described. If ¢,,(t) is the auto- 
correlation function of the input r(t) of a 
linear system whose impulse response is 
w(t), the autocorrelation function of the out- 
put c(t) is given by 

bre(t) =A i dt, w (ts) 


i-6) 


_ dt» w (ty) rr (t =F €y —ty) 
ae (3-134) 
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The crosscorrelation function between the 
input and the output is given by 


= f *° dt w(t) de(t—t) (3-135) 


which can be recognized as a convolution in- 
tegral. 


Extending the description of the stochastic 
response of a linear system to the frequency 
domain, if W(s) is the transfer function of 
the system and ®,,(s) is the input power- 
density spectrum, the output power-density 
spectrum is given by 


®..(s) = W(s)W(— 8s) ®,,(s) (3-136) 


The cross-power-density spectrum between 
input 7(t) and output c(t) is given by 


®,,.(s) = W(s) ®,,.(s) (3-137) 


or 


®.,.(s) = W(—s) ®,,(s) (3-138) 

If »(t) is another signal and ® (s) is the 
cross-power-density spectrum between u(t) 
and the input r(t), the cross-power-density 
spectrum between w(t) and the output c(t) 
is given by 


® (s) = W(s) © (s) (3-139) 


or 


®, (s) — W(-—s) ® (s) (3-140) 

In summary, once the properties of a sto- 
chastic process are expressed in terms of cor- 
relation functions, the analysis of system be- 
havior is a straightforward problem that 
can be treated through the use of the defini- 
tions and properties of the correlation func- 
tions and their transforms, the power spec- 
tra. In particular, where rms values are of 
interest, Eqs. (3-114) and (3-131) are of 
great use. 
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3-9 USE OF ANALOG COMPUTERS FOR SIMULATION “?***" 


In many problems, the use of analog com- 
puters greatly facilitates the analysis and 
design procedures. In both the linear and the 
nonlinear cases, the analog computer is a 
tool of wide versatility. Since the detailed 
properties of analogy computers vary from 
one manufacturer to the next, this section 
will cover only some general principles of 
analog computer use. 

The basic elements of any analog computer 
are integrators, coefficient potentiometers, 
summing amplifiers, multipliers, and func- 
tion generators. The symbols for these ele- 
ments and the mathematical operations they 
perform are shown in Fig. 3-22. The similar- 
ity of these symbols to the symbols of block 
diagram algebra emphasizes that the block 
diagram of a system is readily convertible to 


the computer diagram of the system. Several 
important restrictions of the computer dia- 
gram are 


(a) Differentiation is difficult to realize 
in practice. 

(b) The summing amplifiers and integra- 
tors almost always introduce a change in 
algebraic sign. 

(c) The useful frequency range of the 
computer is limited at Jow frequencies by 
drift and at high frequencies by phase shift 
and attenuation. 

(d) The amplitude scale of the computer 
is limited by amplifier saturation. 

Example. The block diagram of Fig. 3-7A 


is shown as a computer diagram in Fig. 
3-23. 
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DESCRIP TION SYMBOL OPERATION 


INTEGRATION 
ADDITION 
COEFFICIENT 


MULTIPLICATION 







X= — fly, + 4yo + WWy,)at 


x= -(y, + 4¥Q+ 10 y5) 








FUNCTION 
GENERATION 


Fig. 3-22 Elements of analog computers. 
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Fig. 3-23 Computer diagram for system of Fig. 3-7A. 
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CHAPTER 4 
STABILITY OF FEEDBACK CONTROL SYSTEMS * 


4-1 INTRODUCTION 


The determination of system stability is the 
first step in the design of any linear control 
system. To carry out this first step, a test for 
system stability is required. The particular 
stability test used will depend on the meaning 
attached to the term stable operation. Gen- 
erally, a system is said to be stable if it re- 
mains at rest when all inputs are zero and if 
(for any disturbance) no signal grows with- 
out bound or exhibits sustained oscillation 
when the inputs are returned to zero. In the 
case of linear systems, the only situation in 
which unstable behavior can occur is the one 
in which the roots of the characteristic equa- 
tion of the closed-loop system lie in the right- 
half s plane and therefore have positive real 
parts. The response modes corresponding to 
right-half-plane roots of the characteristic 
equation have amplitudes that increase with- 
out limit as time increases. Consequently, any 
stability criterion for a linear system is es- 
sentially a method of determining whether or 
not the characteristic equation has right-half- 
plane roots. 


In Fig. 4-1 the general single-loop system is 
shown. The output response transform for 
this system is 
G,(s) G.(s) R(s) — Ge(s) U(s) 


C(s) = 1+ G,(s) G.(s) H(s) 


(4-1) 


*By L. A. Gould 


The characteristic equation of the system is 


1+ G,(s) Ge(s) H(s) = 0 (4-2) 


Thus, if any of the roots of Eq. (4-2) lie in 
the right-half s plane, the system of Fig. 4-1 
is unstable. 


The presence of right-half-plane roots of 
the denominator of the response transform 
C(s) [i.e., right-half-plane poles of C(s) ] 
could be determined by direct factorization of 
Eq. (4-2), after it has been cleared of frac- 
tions. Since a system is unstable if one or 
more right-half-plane poles of C(s) exist, it 
is usually sufficient to determine whether 
these poles exist ; however, it is not necessary 
to determine their exact location. Hence, the 
standard stability criteria that are discussed 
in this chapter (with the exception of the 
root-locus method) merely determine the 
number of unstable poles without regard to 
their location in the right-half s plane. 
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Fig. 4-1 Single-loop system — block diagram. 
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Three useful stability criteria — the Routh 
criterion, the Nyquist criterion, and root- 
locus method — are described in succeeding 
paragraphs. 


The Routh criterion is the simplest to 
apply and can be used when the characteristic 
equation is known, at least in literal form. 
This criterion can be employed to determine 
the presence of any roots of an algebraic 
equation that lie in the right-half plane. If 
the equation is the characteristic equation of 
a closed-loop system, the presence of right- 
half-plane roots means that the system is un- 
stable. 


The Nyquist criterion is the most widely 
used stability criterion because the only in- 
formation it requires for its application is a 
plot of the open-loop frequency response 
Gi(jw) Ge(jw) H(jw). This frequency re- 
sponse can be determined either from an 
analytical representation of component be- 
havior or from direct measurement of the 
response of the components to sinusoidal in- 
puts. In addition to its use in determining the 
presence of system stability, the Nyquist cri- 
terion is extended in many design procedures 
to give an indication of the degree of stability 
possessed by the stable system (see Chs. 5 
and 6). By an examination of the behavior of 
the G,(jw) Ge(jw) H (jw) locus in the vicin- 


ity of the — 1 + 70 point, the Nyquist crite- 
rion provides the servo engineer with a rela- 
tively straightforward and extremely power- 
ful tool for analysis and design. 


The root-locus method is a graphical tech- 
nique for revealing the position of the poles 
of the response transform C(s) in the s plane 
as a gain factor of the open-loop function 
G.(s) G.(s) H(s) is varied. The primary 
advantage of this method for stability deter- 
mination is that the closed-loop pole locations 
are kept in evidence at all times. Thus, it is 
easy to see when the poles move into the 
right-half plane as the gain factor is varied. 
There are two primary disadvantages con- 
nected with the root-locus method. First, the 
location of the poles and zeros of the open- 
loop function must be specified. This often 
requires some sort of analytical approxima- 
tion to the experimental test data. Second, the 
plotting of the paths of the closed-loop poles 
involves a trial-and-error procedure that can 
be quite tedious. In spite of these disadvan- 
tages, however, the root-locus method is quite 
useful in that it immediately places in evi- 
dence the closed-loop pole-zero configuration 
for any particular design (stable, of course). 
Thus, the characteristics of the time response 
of the system are easily ascertained and the 
verification of performance specifications in 
the time domain is a straightforward matter. 


4-2 ROUTH CRITERION’ 


By applying the Routh stability criterion, 
one can determine whether any roots of an 
algebraic equation lie in the right-half s 
plane. If the coefficients of the equation are 
known only in literal form, the Routh crite- 
rion yields only a set of inequality conditions 
for stability. However, if the coefficients of 
the equation are known numerically, the cri- 
terion permits one to determine whether sta- 
bility actually exists. 


To show the general procedure used in 
applying the Routh criterion, consider the 
following general algebraic equation: 


a,s*+a,\s"!+...+as+a,=0 (4-3) 


Next, the coefficients are arrayed in two rows, 
alternate coefficients being placed in alternate 
rows 


(1) 
(2) 


Then, the array is extended by taking ap- 
propriate cross-products to determine the ele- 
ments in the third row 


Qn QAn-2 Qn-4 


” (4-4 
‘ -4) 


Qn-1 Qn-3 Qn-5 


Qn-1 Qn-2 —, Qn-3 Qn-1 Qy-4 —Q,y Qn-5 eee 
An-1 


(3) 
Qn-1 


(4-5) 
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The elements of the fourth row are formed by 
taking cross-products of the elements of the 
second and third rows, in exactly the same 
manner that the third-row elements were 
formed. This process is continued until all the 
elements of a row are zero. On completion of 
the array, the Routh criterion can be em- 
ployed to determine the presence of right- 
half-plane roots. 
The Routh criterion states: 


The number of roots of the original 
equation that lie in the right-half s 
plane equals the number of sign 


The complete algebraic array is as follows: 


(1) 1 2 M 
(2) K 4 0 
(3) (K-2) KM/2 0 
(4) [(K-2) — K?M/8] 0 0 
(5) (K-2-K?M/8) 0 0 
(6) 0 0 0 


The inequalities that determine stability are 


kK > 0, (4-8) 

K-2 > 0, (4-9) 
and 

[ (K-2) — K?M/8] > 0 (4-10) 


(b) As an example of an algebraic equa- 
tion with numerical coefficients, consider the 
equation 

s> + 2st + 283 + 46s? + 89s + 260 — 0 

(4-11) 


The complete numerical array is as follows: 


changes in the elements that form the 
first column of the final array. 


An examination of the procedure used above 
shows that all the elements of any row after 
the second may be divided by a positive num- 
ber without changing the result. 


Examples. 


(a) Consider the following algebraic equa- 
tion with lateral coefficients: 


sit Ks} 4+ 2s?+4s+ M—0 (4-6) 
where K > 0andM > 0. 
0 
0 
0 (row multiplied by K/2) (4-7) 


0 (row multiplied by 1/4) 
0 (row multiplied by 2/KM) 
0 
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(1) 1 2 89 
(2) 2 46 260 
(3) a4] —1.95 0 
(4) 1 6.17 0 
(5) 1 0 0 
(6) 1 0 0 
(7) 0 0 0 


Inspection of the signs of the elements of the 
first column shows that one sign change 
occurs in going from the second to the third 
row and another in going from the third to 
the fourth row. Hence, two roots of Eq. 
(4-11) lie in the right-half s plane. The fac- 
tors of Eq. (4-11) are 


0 

0 

0 (row divided by 21) 

0 (row divided by 42.1) 
(row divided by 4.22) 
(row divided by 6.17) 


(4-12) 


0 
0 
0 


(s + 4) (s — 24 78) (s — 2 —78) 
(s+ 1+ 92) (s+1— 92) (4-13) 
The right-half s-plane roots of Eq. (4-13) are 


$1, S.=+2+33 (4-14) 


4-3 NYQUIST CRITERION”’® 


The Nyquist criterion is a graphical pro- 
cedure by which one can determine whether 
any of the roots of the equation 


1+ G(s) =0 (4-15) 


lie in the right-half s plane. Only the follow- 
ing information is required in this procedure: 
(1) the magnitude and phase angle of G (jw) ; 
(2) the behavior of G(s) at the poles of G(s) 
that lie on the imaginary axis or at the origin 
of the s plane; and (3) the number of poles of 
G(s) in the right-half s plane. (NOTE: For 
nonunity feedback loops, one tests for the 
zeros of the function 1 + G(s) H(s) where 
G(s) is the forward transfer function and 
H(s) is the feedback transfer function.) 

The Nyquist criterion can be expressed 
mathematically as 


Z=N+P (4-16) 


where 


Z = number of zeros of 1 + G(s) that lie 
in the right-half s plane 


P = number of poles of G(s) that lie in the 
right-half s plane 


N = number of clockwise encirclements of 
the point — 1 + 70 by the locus of 
G(s) as s describes the path shown in 
Fig. 4-2 


For stability, Z must be zero; that is, P = 
— N. If P~ —N, the system is unstable. 


If there are any poles of G(s) on the im- 
aginary axis, the G(jw) locus will become in- 
finite at these points. To determine the be- 
havior of the G(jw) locus at these poles, so as 
to be able to count encirclements, a small 
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semicircular detour is made into the right- 
half s plane at each pole of G(s) on the 1m- 
aginary axis. Thus, the G(jw) locus will de- 
scribe a large semicircle instead of becoming 
infinite. If the pole on the imaginary axis is 
of multiple order, the G(jw) locus will de- 
scribe one semicircle for each order of the 
multiple pole. 

A convenient rule for determining the 
direction of turn of the G(jw) locus at the 
imaginary-axis poles of G(s) is 

Turn to the right by 180° for each order of 

the pole as the frequency increases. 

If G(s) has no poles in the right-half s 
plane or on the imaginary axis (except at the 
origin), the Nyquist stability criterion sim- 
plifies tof 


|G(jw)i< 1 when Z G (jw) = —180° 
(4-17) 
Examples. 
(a) Consider the function 
K 
G a 4-18 
a DY ee 


For what range of K will 1 + G(s) have 
stable roots? 


+Symbol / denotes “angle’’ 


IMAGINARY 
AXIS 






+o 


INFINITE 
SEMICIRCLE 


Fig. 4-2 Locus of s for the Nyquist criterion. 


To simplify the calculation, change variables, 
letting A = T's. Then, 


kT 
A(A+ 1)? 
Plot (1/KT)G(A) on the complex plane for 
A = ju. Such a plot is sketched in Fig. 4-3. 
Since encirclements depend only upon the 
topology of the plot, the locus can be distorted 


to facilitate the counting of encirclements 
(Fig. 4-4). 


G(A) = (4-19) 


IMAGINARY AXIS 





gle 
gq 6) PLANE 


1 
Fig. 4-3 Locus of AQ 1)? fork = {p. 


IMAGINARY 
AXIS 





PLANE 


1 


Fig. 4-4 Distortion of locus of ——————. 
A(A + 1)? 
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It is convenient to arrange the pertinent 
information in tabular form as follows: 


Location of | Nature of 
—1+j0 | P|N{|Z Stability 


4 [ope f ef sate = 


B )o] 2] 2. unstable (Z + 0) 
C Oo) aa unstable (Z + 0) 


The stable range of KT is determined from 
the table above and Eq. (4-17) as 


0< KT < 2.0 





This expression is found by determining the 
range of KT which, when multiplying the +G{s) PLANE 
(1/KT)G(A) locus, will keep the point 

— 1+ 70 in region A. 





(b) Consider the function Fig. 4-5 Locus of a ( V+ ‘). 
s \l—s 
G(s) =KU+5) (4-20) 
s(1—s) 


For what range of K will 1 + G(s) have 
stable roots? 


The (1/K)G(s) locus is sketched in Fig. 4-5. aye a 
The distorted locus for counting encircle- 
ments appears in Fig. 4-6. A table of the per- 
tinent information is given below: 


Nature of 
Stability 


unstable 
stable 


unstable 





Stable roots exist for K in the range 


1 
os) PLANE 


—o<cK<~—1 


These limits are found by determining the 

range of K which, when multiplying the 

(1/K )G(s) locus, will keep the —1 + 70 point Fig. 4-6 Distortion of locus of 1 —) 
In region B. s \l—s 
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4-4 ROOT-LOCUS METHOD” 


In the root-locus method, a plot is made of 
the locus of the roots of 1 + G(s) = 0 asa 
function of a gain factor of G(s). G(s) must 
be known numerically in completely factored 
form. For nonunity feedback loops, one plots 
the roots of the equation 1+ G(s) H(s) =0 
where G(s) is the forward transfer function 
and H(s) is the feedback transfer function. 


If G(s) is written in the form 


I (s + S;) 
G(s) Sk 


Pp 


II (s+ ;) 
j=1 


where K, is varied from 0 to + o, then the 
necessary condition for a point in the s plane 
to lie on the locus of the roots of 1 + G(s) = 
0, as K, varies, 1S 


> A,— DA, = —180° 


where 


(4-21) 


(4-22) 


> A, = sum of the angles of the phasors 
from the zeros of G(s) to the point 
in question 


> A, = sum of the angles of the phasors 
from the poles of G(s) to the point 
in question 


The value of the constant K, that is as- 
sociated with each root-locus point is found 
from the relation 


_ TY, | 
II | V, | 
where 


K, (4-23) 


II | V, | = product of the magnitudes of the 
phasors from the poles of G(s) 
to the root-locus point 


II | V. | = product of the magnitudes of the 
phasors from the zeros of G(s) 
to the root-locus point 


The root-locus method can be used to reveal 
the position of the roots of 1 + G(s) = 0 
directly and to determine whether any of the 


47 


roots can move into the right-half s plane as 
the constant K, is varied. This method of sta- 
bility determination is primarily a graphical 
one, particularly when determining the points 
in the s plane that satisfy the angle condition 
[Eq. (4-22) ]. Although the angle condition 
determines the entire locus, it is still neces- 
sary to find the actual points by a trial-and- 
error procedure. That is, a point is guessed 
and the angle condition is checked; if the 
angle condition is not satisfied, another point 
is tried, etc. 


To facilitate the plotting of the root locus, 
several theorems based on the angle condition 
[Eq. (4-22)] and the magnitude condition 
[Eq. (4-23) ] have been established. These 
are: 


(a) The number of branches for a given 
locus equals the number of roots of 1 + G(s) 
= 0. 


(b) The locus starts (K, = 0) at poles and 
ends (K, = o) at zeros. 


(c) The real-axis position of the locus al- 
ways has an odd number of poles and zeros 
to the right of the s point for K, > 0. 


(d) The breakaway from the real axis into 
the complex plane between two adjacent poles 
occurs at the point of maximum K,. 


(e) For two adjacent zeros, the locus en- 
ters the real axis from the complex plane at 
the point of minimum K,. 


(f) Near complex poles, the direction of 
the locus is given by 


[180° — 3 A, + DAs] 


where > A, is the sum of the angles of the 
phasors from all the other zeros to the com- 
plex pole in question, and > A, is the sum of 
the angles of the phasors from all the other 
poles to the complex pole in question. Near 
complex zeros, the direction of the locus is 
given by 


[— 180° + XA, — XA:_]. 
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(g) The asymptotes of the locus for large 
values of s are given by a set of straight lines 
that intersect the real axis at angles 
_ 180° + 360°n 
— a = 


A (20 122s) 


(4-24) 


and whose intersection with the real axis is 
given by the centroid of the pole-zero con- 
figuration 


p F 
Ds; — XS: 
= k=1 


j=1 


a (4-25) 


Xo = 


where 


p = number of poles s; = Jj pole 


z = number of zeros S$, = k™ zero 


(h) The locus is symmetrical with respect 
to the real axis. 


These theorems may be verified for the va- 
rious loci in Fig. 4-7, which presents examples 
of a wide variety of root loci for systems up to 
the fourth order. In this figure, T (p, z) in- 
dicates a system with p poles and z zeros. 

As an example of a typical root-locus plot 
for a unity-feedback loop, consider the func- 
tion 


G(s) = ee 
S(s/w; + 1) (s/w. + 1) 
Kw, w2 
— g(s + 0) (s + o2) 
where w, = 10 rad/sec, w. = 30 rad/sec, and 


the conditions are 


/s + /s +10 + /s + 30 = 180° 


(angle condition) 


|s||s+10|{s-+30|= 300K 
(magnitude condition) 


The location of the poles of G(s) on the s 
plane is as shown in Fig. 4-8. 


The root locus coincides with the real axis 
lying between the pole at the origin and the 
pole at —10, as well as with the part of the 
real axis lying to the left of the pole at —30. 
The locus breaks away from the real axis at 


some point between the pole at the origin and 
the pole at —10. To locate this breakaway 
point, either the technique described in theo- 
rem (d) or, in this simple case, an analytical 
technique can be applied. 


Let —5 be the location of the breakaway 
point. With s = — 8, the magnitude condition 
becomes 


f(8) = 8(— 8+ 10) (— 84 30) = 3800 K 


The negative of the value of 8 which maximizes 
the left side of the equation above is the co- 
ordinate of the breakaway point. Thus 


f(d) = 83 — 408? + 3008 
f’(3) = 382 — 808 + 300 = 0 
= 20.8, 6.3 


Only the smaller value of 8 satisfies the angle 
condition on the real axis. Therefore, the 
breakaway point is at —6.3. The gain factor 
K at this point is obtained by substituting 
this value of 8 into the magnitude condition 
equation, i.e., 


300 K = 6.3(— 6.3 + 10) (— 6.3 + 30) 
K = 1.84 


The point on the branch of the locus to the 
left of the pole at —30, for this same value 
of gain K, is at —30.8. 

The asymptotes of the locus, for large 
values of s, intersect the real axis at angles 
given by the relation 


180° + 360° n 
p—z 
Since p = 3 and z = 0, the angles are 60° and 


—60° (or +120°). The real-axis intercept of 
the asymptotes is given by 


A= 


ey —- 2s—ds [0410+ 30] — [0] 
: p—-zZ 3 — 0 
= 13:3 


A sketch of the data obtained so far is given 
in Fig. 4-9. 
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At this point, it would seem necessary to 
apply the exploratory s-point method to de- 
termine the rest of the locus. However, even 
before this is done, we can determine which 
of the asymptotes the locus approaches. In 
this particular case, we already know (from 
a Nyquist plot) that the function 1 + G(s) 
will have right-half-plane roots when the 
sensitivity is above a certain value. There- 
fore, the two branches of the locus in the 
complex portion of the plane must head to- 
ward the right-half plane as the gain factor 
K increases. Thus, the locus will cross the im- 
aginary axis and go into the right-half plane. 
The points of imaginary-axis crossing are 
easy to find in this particular case because of 
the small number of poles involved in the 
configuration. 

Consider the geometric properties of Fig. 
4-10. At the crossing point, the angle condi- 
tion requires that 


tan-! 72 4 tan-1 22 4 90° — 180° 
W@W We 


Therefore 
eihgee 
led NAR ad U2 — oO 


Ww," 


1—(——_ 


@, We 


or 


WO, = V1 Wo = \/300 = 17.3 


At this point, the gain K is determined by 
the magnitude condition. Using this condi- 
tion, itis found that K = 40. The correspond- 
ing point on the branch to the left of the pole 
at —30 is at —40. 


The remainder of the locus can be sketched 
in, or a more accurate determination of the 
locus points can be made by the exploratory 
s-point method. Figure 4-11 is a sketch of the 
entire locus, with key points indicated. 
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Fig. 4-7 Root-loci plots. (Sheet 1 of 5) 


Adapted from ‘‘The Study of Transients in Linear Feedback 
Systems by Conformal Mapping and the Generalized Root Locus 
Method”’, by V. C. M. Yeh, ScD Thesis M.E., 1952, Massa- 


chusetts Institute of Technology. 
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Fig. 4-7 Root-loci plots. (Sheet 2 of 5) 
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Fig. 4-7 Root-loci plots. (Sheet 3 of 5) 
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Fig. 4-7 Roof-loci plots. (Sheet 4 of 5) 
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Fig. 4-7 Root-loci plots. (Sheet 5 of 5) 
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K = 40 
(s = j 17.3) 








K = 40 
(s <—j 17.3) 


K = 1.84 \ 
(s = —6,.3) 





Fig. 4-9 Asymptotes and real axis behavior for 
= 300K 
~ s(s + 10) (s + 30) 


G(s) 


Fig. 4-11 Complete root locus for G(s) 
300K 


= when O < K < oo. 
s(s + 10) (s + 30) 





Fig. 4-10 Construction for determining imaginary 
300K 
s(s + 10) (s + 30) 


axis crossing G(s) = 


whenO <K< o. 
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CHAPTER 5 


GAIN DETERMINATION* 


5-1 PERFORMANCE CRITERIA AND DEFINITIONS” 


5-1.1 GENERAL 

Performance criteria are tests or rules by 
which one can determine, from the system 
parameters, whether or not the system has 
certain particular performance characteris- 
tics. An important parameter used in the de- 
sign of servo systems is the gain of the sys- 
tem. The relations between gain and per- 
formance specifications are usually expressed 
in terms of performance constants, such as 
the velocity constant, the acceleration con- 
stant, and the torque constant. Definitions of 
several imporant parameters and constants 
are given below. 


5-1.2 GAIN 
If G(s) is the transfer function of a com- 
ponent, the gain K of the component is 
k= hm s+" G(s) 
where n is the order of the pole or zero of 
G(s) at the origin. The plus sign is used for 
a simple or multiple pole at the origin, and 
the minus sign is used for a simple or mul- 
tiple zero at the origin. The gain K is easy to 
identify if G(s) is written in the form 


(5-1) 


G(s) —Ks*" a,s* +a,-,s%!4 ...+1 
b si + b;-,s) Si gee 1 
(9-2) 


*By L. A. Gould 
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5-1.3 VELOCITY CONSTANT 


The velocity constant of a system is a meas- 
ure of the steady-state error if the input to 
the system is a constant velocity. The velocity 
constant is defined by the relation 


Ko (=*)" 


CVF 
where 
w; = constant input velocity 


(5-3) 


E',, = steady-state error 


For a single-loop unity-feedback system (Fig. 
5-1), the velocity constant is 

C(s) ; 

Ss = hm G 

| E'(s) eh Es Gls 
An analysis of Eq. (5-4) shows that the 
velocity constant of a single-loop unity-feed- 
back system is finite and nonzero only if the 
open-loop transfer function C(s)/E(s) has 


exactly one stngle-order pole at the origin 
(one integration). 


5-1.4 ACCELERATION CONSTANT 


The acceleration constant of a system is 
defined by the relation 


| Oe )" 


K, — (—* 
a; = constant input acceleration 





K, = lim (5-4) 





(9-5) 


Qj 


where 


FE’... = steady-state error 
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For a single-loop unity-feedback system 
(Fig. 5-1), the acceleration constant is 
K, = lim 


i>" =" eA 


An analysis of Eq. (5-6) shows that the ac- 
celeration constant of a single-loop unity- 
feedback system is finite and nonzero only 
if the open-loop transfer function C'(s) /E (s) 
has exactly one double-order pole at the or- 
igin (two integrations). 


5-1.5 TORQUE CONSTANT 


The torque constant of a system is defined 
by the relation 


Ess ) 


Ko Ca 
T,, = constant load torque 


= lim [s?G(s)] (5-6) 


rR» 0 


T, (5-7) 


where 


E,, = steady-state error 


5-1.6 STATIC ACCURACY 


The static accuracy of a linear system is 
measured by the steady-state error that is 
developed for a specified steady-state input 
or disturbance. A steady-state input in this 
context means that the input is a constant 
position, a constant velocity, a constant ac- 
celeration, etc. A steady-state disturbance 
means that the disturbance is a constant. 
The performance constants defined previ- 
ously will uniquely determine these steady- 
state errors, as may be seen from the defini- 
tions of the constants. 


5-1.7 BANDWIDTH 


In general, the bandwidth of a servo system 
refers to a frequency interval between 0 and 
some upper frequency. There is no universal- 
ly accepted definition of the upper frequency. 





Fig. 5-1 Single-loop unity-feedback system. 
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C (Jw) 
R (jw) 


Several commonly used upper-frequency val- 
ues for unity-feedback systems (Fig. 5-1) 
are given below: 


(a) wr, resonant frequency — frequency 
at which the closed-loop frequency response 
C(jwo)/R(jw) has its peak magnitude M, 
(Fig. 5-2). 


(b) wa — frequency at which the magni- 
tude of the closed-loop frequency response 
C(jw)/R(jw) is unity (Fig. 5-2). 


(c) w,— frequency at which the magni- 
tude of the closed-loop frequency response 
C(jw)/R (jw) is 0.707 (Fig. 5-2). 


(d) w,— frequency at which the phase of 
the closed-loop frequency response is —90° 
(Fig. 5-3). 


(e) w.— frequency at which the magni- 
tude of the error-to-input frequency response 
E'(jw)/R (jw) is 0.1 (Fig. 5-4). 


(f) Wem, Magnitude crossover frequency — 
frequency at which the magnitude of the 
open-loop frequency response C (jw) /E (jw) 
is unity (Fig. 5-5). 





Fig. 5-2 Bandwidth measures from magnitude of 
closed-loop frequency response C(jw)/R(jw). 





Fig. 5-3 Bandwidth measure from phase of 
closed-loop frequency response C(jw)/R(jw). 
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(zg) @., asymptote crossover frequency — 
frequency at which the —10 dg/dec asymptote 
of the open-loop frequency response C (jw) / 
E (jw) crosses 0 dg (Fig. 5-5; see Par. 5-3 for 
terminology). 


5-1.8 PEAK MAGNITUDE 

The peak magnitude M, is defined as the 
maximum value of the magnitude of the 
closed-loop frequency response C (jw) /R (jw) 
or the magnitude of the resonant peak of the 
response (see Fig. 5-2). 

The value of M, is used as a measure of the 
degree of stability, and design in the fre- 
quency domain usually involves adjusting a 
gain K so as to satisfy a specified value of M,. 
Large values of M, are indicative of highly 
oscillatory behavior, whereas values of M, 
less than unity are indicative of heavily 
damped behavior. In practice, M, usually lies 
between 1.3 and 1.6; that is, the range of M, 
is usually specified as follows: 


13<M,<16 
or 
1 dg < 10 logio M, < 2 dg 


(5-8) 


(5-9) 


5-2 POLAR-PLANE 


5-2.1 GENERAL 

A polar-plane representation of the open- 
loop frequency response C(jw)/E(qw) is 
often used in the process of carrying out a 
design in the frequency domain. A plot of 
C (jw) /E (jw) in polar coordinates makes it 
easier to apply the Nyquist stability criterion 
to determine gain setting ranges for stable 
operation. In addition, the determination of 
gain for a specified M, value involves only a 
simple graphical construction on the polar 
plane (see Par. 5-4). Plots of both the direct 
function and its inverse are used, wherein 
only positive frequencies are usually con- 
sidered. 





C(j a) 
E(jo) 








E (ja) 
R (jw) 





Fig. 5-4 Bandwidth measure from magnitude of 
error-to-input frequency response E(jw)/R(jw). 
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Fig. 5-5 Bandwidth measures from open-loop 
frequency response. 
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5-2.2 DIRECT POLAR PLANE 


A direct polar-plane plot of the function 
G(jw) is constructed by drawing a curve 
through the points whose polar coordinates 
at each frequency are the magnitude of G (jw) 
and the phase angle of G(jm) at that fre- 
quency, where the phase angle of G(jw) is 
the phase of c(t) minus the phase of e(t) 
when e(t) and c(t) are sinusoids. Positive 
angles are plotted in a counterclockwise direc- 
tion. Increasing the gain associated with 
G(jw) expands the polar locus in a radial 
direction. If G(jw) is cascaded with another 
transfer function, the resulting polar coord- 
inates of the combination are obtained- at 
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each frequency by: (1) multiplying the mag- 
nitude of G(jw) by the magnitude of the cas- 
caded function to give the magnitude of the 
combination; and (2) adding the phase angle 
of the cascaded function to the phase angle of 
G(jw) to give the phase angle of the com- 
bination. 


5-2.3 INVERSE POLAR PLANE 


An inverse polar-plane plot of a function is 
a plot of the reciprocal of the function on the 
polar plane. The reciprocal or inverse of 
G(jw) is written as follows: 


G* (jw) = 





5-10 

G (jw) 
The polar coordinates of G-!(jw) at each fre- 
quency are given by: (1) the reciprocal of the 
magnitude of G(jw) ; and (2) the negative of 
the phase angle of G (jw). Increasing the gain 
of G(jw) shrinks the inverse locus in the 
radial direction. If G(jw) is cascaded with 
another transfer function, the resulting polar 
coordinates of the inverse of the combination 
are obtained at each frequency by: (1) multi- 
plying the magnitude of the inverse G(7w) 
locus by the inverse of the magnitude of the 
cascaded function to give the magnitude of 
the inverse of the combination; and (2) add- 
ing the negative of the phase angle of the 
cascaded function to the phase of the inverse 
G(jw) locus to give the phase angle of the in- 
verse of the combination. 





Example. Plots of the direct function 


1 
jo [ (jm)? + 0.670 + 1] 
and a multiple of its inverse 3G-! (jw) appear 


SOS 


Ve 
Ss 


G(jo) = (5-11) 
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Fig. 5-6 Direct and inverse polar plots of 


| 
jo Gw)? + 0.6 jo +1] 


5-3 EXACT AND ASYMPTOTIC-LOGARITHMIC REPRESENTATIONS °*" 


5-3.1 GENERAL 


The logarithmic method of representing a 
function is a more convenient way to present 
frequency-response information than the 
polar-plane method. The advantage of the 
logarithmic procedure is that magnitude 
multiplication for cascaded functions reduces 
to the simple addition of logarithms. Further- 


more, the magnitudes of the first- and second- 
order factors of transfer functions can readily 
be approximated by straight-line asymptotes 
when the functions are plotted to a logarith- 
mic scale. Such asymptotic approximations 
reduce the time taken up by calculation and, 
in addition, enable the designer to make a 
rough estimate of system performance, when 
this is necessary. 
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5-3.2 SEPARATE MAGNITUDE AND 
PHASE PLOTS 


The separate magnitude and phase-angle 
plots for a transfer function G(jw) are re- 
spectively: (1) plots of 10 logio |G(jw)| ver- 
sus log w; and (2) plots of Ang G(jw) versus 
log w. The unit of logarithmic magnitude used 
in these plots is called the decilog, abbreviated 
dg. The magnitude of a number N in decilogs 
7s 10 log;oN. For convenience in plotting, 
semilog graph paper is generally used. To plot 
a transfer function G(jw) that is already in 
factored form, several aids (to be discussed 
below) are available which simplify the pro- 
cedure. Before discussing these aids, however, 
it is helpful to point out the general types of 
factors that may appear in any rational alge- 
braic function. Consider a function G(jw) 
whose factored form can be written as follows: 


G(jw) = K (jw) *" 


@ 
Wn, 


W 
Wn 








(Trio + 1] (4 y+ 20ii +1]... 


oy ata 


he | 


W 
Wn, 





(Tajo + 1] (J +1]... 


(5-12) 
Only three general types of algebraic factors 
appear in Eq. (5-12). 
The three factor types, which may occur in 
any rational function, are the following: 


(jw)=" (differentiation or integration) 









(5-13) 

20dg 
o = 10 logyg [Tjo+l]| 
£m ae 
u 
. 10 log 19 IT (jo+1) | fh ee 
or i 
po ] 
kr -1Odg 
Zz 
oO 
gs LT 
* oo, EL LTT 

-20dg 

0.! 0.2 05 


I 2 


(Tjw + 1) (first order) (5-14) 


2 
E (2) + 2,9 © 4.1] (second order) 
Wn Wp 
(5-15) 
5-3.3 MAGNITUDE CURVES 


The magnitude curve of the quantity 
(jw) =" is a straight line passing through 0 dg 
at w—1 with a slope equal to +10 n dg/ 
decade. 


The magnitude of the first-order factor 
(Tjm + 1)*! can be approximated by two 
straight lines. For Tw< <1, the asymptote is 
the 0-dg line. For Tw>>1, the asymptote is a 
line with a slope of +10 dg/decade that 
crosses O0dg at Tw=1. The frequency 
®, = 1/T is called the break frequency of the 
factor. The true magnitude curve can be ob- 
tained from the asymptotes by applying the 
two rules-of-thumb: 


(a) At the break frequency, the true 
curve is 1.5 dg above (or below) the asymp- 
totes. 


(b) At an octave above and below the 
break frequency, the true curve lies 0.5 dg 
above (or below) the asymptotes. 


The asymptotes and the true magnitude 
curves for a first-order factor are shown in 
Fig. 5-7. Note in this figure that the magni- 
tude curve of (Tjw=1)-! is the mirror 
image of the magnitude curve of (Tjw + 1) 
about the 0-dg line. 







Fig. 5-7 Asymptotes and true magnitude curves for the first-order factor (Tjw + 1)+'. 
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The magnitude of the second-order factor 
2 +1 
I( 4 OV + 2tj2 41 
Wn Wn 


can be approximated by two straight-line 
asymptotes. For w< <w,, the asymptote is the 
0-dg line. For w>>o,, the asymptote is a 
straight line with a slope of +20 dg/decade 
crossing the 0-dg line at the break frequency, 
Wp —= Wy. A set of second-order magnitude 
curves is shown in Fig. 5-8 for different val- 
ues of the damping ratio C. Not that the ap- 
proximation is best for ¢ = 0.5. 


5-3.4 PHASE-ANGLE CURVES 


The phase angle of the factor (jw)=*" is a 
constant equal to +90n°. The phase-angle 
curves of the first-order factor (Tjw +1)! 
are shown in Fig. 5-9. Note that each curve 
is Symmetrical about the point on the curve 
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at which w= 1/T. The phase-angle curves of 
the second-order factor 


(haan 


are shown in Fig. 5-10 for different values 
of the damping ratio C. 


To plot the separate magnitude and phase- 
angle curves for a factored transfer function, 
separate plots are first made of the magni- 
tude and phase-angle curves of each factor. 
In doing this, care must be taken to distin- 
guish between numerator and denominator 
factors. Next, all the magnitudes are added 
at each frequency to obtain the composite 
magnitude curve. Similarly, all the phase 
angles are added at each frequency to obtain 
the composite phase-angle curve. It is im- 
portant to note that the factors must be in 
the standard forms given in Eqs. (5-8), (5-9), 


Fig. 5-9 Phase-angle curves for the first-order factor (Tjw + 1)*'. 
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and (5-10) if the curves of Figs. 5-7 to 5-10 Gio) —K (0.270 + 1) 
are to be used. The effect of the gain K can (Jo) = : - wo \2 - @ 
be incorporated by merely adding 10 log,.K (jw) | ( J *) + 0.67 i0 +1 
to the magnitude scale of the composite mag- 
nitude curve. 

Example. The separate factors and com- where K = 6.5 are plotted in Figs. 5-11 and 
posite curves for the function 5-12. 


(5-16) 
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2 
Fig. 5-10 Phase-angle curves for the second-order factor ( j <) +2Cj seal 1 ‘ 
Wn Wy 
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5-3.5 GAIN-PHASE PLANE 


To facilitate design, a third method for 
representing frequency functions may be 
used. In this method, the magnitude and 
phase angle of a frequency function are plot- 
ted on a coordinate system called the gain- 
phase plane. The magnitude is plotted to a 
logarithmic scale (in decilogs) and the phase 
angle is plotted to a linear scale. Frequency 
is the parameter for the gain-phase plot. The 
gain-phase plot can be determined directly 
from the frequency function by calculating 
the magnitude (in dg) and phase angle of 
the function at various frequencies. Alterna- 
tively, the gain-phase plot can be determined 
through the intermediate use of the separate 
magnitude and phase-angle plots when the 
function to be plotted is in factored form. 
The gain-phase plot is most useful for de- 
termining the closed-loop response of a sys- 
tem from the open-loop response (see Pars. 
5-4 and 5-5). 


Example. The function 
(0.27m + 1) 
; . wo \? .@ 
— 0.67—+1 
(jw) I( 4 *) + Ser. + 
(5-17) 
is plotted on the gain-phase plane in Fig. 5-13. 
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Fig. 5-13 Gain-phase plot of G(ja) = 


a (0.2 jo + 1) 


mls) oer 


5-4 CLOSED-LOOP RESPONSE DETERMINATION“**"2?"4 


5-4.1 GENERAL 


The relations that exist between the closed- 
and open-loop responses of a unity-feedback 
system can be obtained by considering the 
diagram in Fig. 5-1. In this diagram, it is 
clear that the open-loop responses is given by 


C(jw) __ 
C75 aca 


The closed-loop response function W(jw) is 
defined as follows: 


(5-18) 


C (jo) A W (jw) 


4 5-19 
R(jw) ~ ose 


Now, E (jo) = R(jw) —C (ym). Substituting 
this expression for E'(jm) into Eq. (5-18), 
rearranging terms, and using the definition 
in Eq. (5-19), it is found that 


G (jo) 
1+ G(jw) 


The transformation from the G plane to 
the W plane defined by Eq. (5-20) is used to 
determine the closed-loop response W (jw) 
from the corresponding open-loop response 
G(jw). Although a direct calculation of the 
W function is possible, this is often avoided . 


W (jw) = (5-20) 


5-10 
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because it usually proves to be tedious. In- 
stead, various aids for performing the 
G-to-W plane transformation are used. These 
are presented next. 


5-4.2 POLAR-PLANE TECHNIQUE 


In the polar-plane technique, a “vector” 
construction on the G plane is used to deter- 
mine both the magnitude and phase angle of 
W. As an illustration, consider the G func- 
tion sketched in Fig. 5-14. In this figure, 
once the —1 + j0 point is located, the follow- 
ing “vector” relations hold: 


OB =G (5-21) 
OA = —1 (5-22) 
OB — OA =AB=1+4G (5-23) 


Then, the closed-loop response at each fre- 
quency can be determined from the construc- 
tion of Fig. 5-14 as follows: 


(5-24) 


LW(jw)= £2 ABBO=¢ (5-25) 


+Symbol Z denotes “‘angle’”’ 





Fig. 5-14 Closed-loop response construction on 
the G plane. 
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The inverse G-plane construction for the 
closed-loop response is shown in Fig. 5-15. In 
this figure, the following “‘vector’’ relations 
hold : 


OB = G (5-26) 
OA = —1 (5-27) 
AO + OB = AB=14 G1 (5-28) 


The closed-loop response can be determined 
from the following relations: 


(5-29) 


ZL W(jo)= 2 OAB=¢ (5-30) 


To avoid ‘‘vector’”’ constructions, constant 
magnitude and constant phase-angle con- 
tours that correspond to the G-to-W trans- 
formation of Eq. (5-20) are often used. The 
following definitions apply: 


M =jW(jo)| (5-31) 
¢= 2 W(jo) (5-32) 
N =tan¢ (5-33) 


The transformation given in Eq. (5-20) 
can be used to map contours of constant M 
and constant N onto the G plane. The M con- 
tours appear as a set of bipolar circles as 






G7! PLANE 


Fig. 5-15 Closed-loop response construction on the 
G-' plane. 
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shown in Fig. 5-16. The contours of constant 
N or ¢ are shown in Fig. 5-17. 

To represent the constant M and ¢ con- 
tours in the G"' plane, Eq. (5-20) is used. 
The M contours are a set of concentric circles 
and the ¢ contours are a set of straight lines. 
The M and ¢ contours for the G"' plane are 
shown in Fig. 5-18. 


The properties of the M and ¢ contours are 
listed in Table 5-1. 


The M and ¢ contours are the lines or curves 
of constant M and constant ¢ as they appear in 
the G or G"' planes. By constructing a chart 
of M and ¢ circles for the G or G~! planes, one 
has the coordinate system of the W plane rep- 
resented by circles and lines in the G or G"! 
plane. The closed-loop magnitude M and 


phase angle ¢ can be obtained directly from 
the G function by constructing the G func- 
tion (or the G-! function) on a chart of con- 
stant M and ¢ contours. At each frequency, 
the value of the M contour that intersects the 
G (or G-') function is the value of the mag- 
nitude of the closed-loop response W. Simi- 
larly, the value of the ¢ contour that intersects 
the G (or G"') function at a given frequency 
is the value of the phase angle of the closed- 
loop response W. 


The M and ¢ contours aid greatly in per- 
forming the transformation from open- to 
closed-loop frequency response and are used 
to facilitate the design of a system when the 
shape of the G function is to be altered so as 
to improve performance. 


TABLE 5-1 PROPERTIES OF M AND ¢ CONTOURS 


M contours 
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M contours 
| Im(G"') 
x Re(G") 


1 
24 (l4ax)?= 


center: (—1,0) 


radius: 





: ee 1 — 
intercept nearest origin: M 


N contours 
N = tar p 


y+Nx+N—0 


Note: N contours are a family of radial 
lines emanating from the center of the 
M circles 
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Fig. 5-18 Contours of constant M and 
Fig. 5-16 Contours of constant M in the G plane. 2 a a aa ee ant M and constant 
¢ in the G-' plane. 
5-4.3 GAIN-PHASE PLANE TECHNIQUE 
(NICHOLS CHART) 


Since constructions on the gain-phase 
plane involving cascaded functions and gain ) 
alterations are usually simpler than similar 
Locus oF constructions on the polar plane, a chart of 
CENTERS-0.5 constant M and ¢ contours has been con- 
structed for the gain-phase plane. This chart 
is called the Nichols chart and is shown in 
Figs. 5-19 and 5-20. Figure 5-19 presents a 
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Fig. 5-17 Contours of constant phase in the 
G plane. =00 -270 -180 -90 0 


Fig. 5-19 Chart showing symmetry of M-N contours 
about phase of 180 degrees (Nichols Chart). 


Reprinted with permission from Principles of Scrvomechaniams, 
by D. P. Campbell, Copyright, 1948, John Wiley & Sons, Inc. 
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Fig. 5-20 Nichols chart. 
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large-scale view of the Nichols chart and Fig. 
5-20 presents only that part of the Nichols 
chart that is most useful for design purposes. 


The Nichols chart is used in the same way 
that the M-N contours are used on the polar 
plane. The G function is plotted on the 
Nichols chart. The value of the M contour 
that intersects the G function at a given fre- 
quency is the value of the magnitude of the 
closed-loop response W at that frequency. 
Similarly, the intersection of the G function 
with the ¢ contours determines the phase 
angle of the closed-loop response W as a 
function of frequency. 


5-4.4 NONUNITY-FEEDBACK SYSTEMS 


If the closed-loop response of a nonunity- 
feedback system is sought, a slight modifica- 
tion of the procedure used for the unity- 
feedback system will enable the designer to 
use the Nichols chart and the polar M-N 
contours as well. 


The closed-loop response of the nonunity- 
feedback system (Fig. 5-21) can be written as 
follows: 


C(jw) 1 
R(jw)  H(jw) 


G (jw) H (jw) 
1+ G(jw) H (jo) 
(5-34) 


Since the bracketed portion of the right-hand 
side of Eq. (5-34) has the same form as the 
right-hand side of Eq. (5-20), the Nichols 
chart (or the polar M-N contours) can be 
used to find GH/(1+ GH) from a plot of 
G(jw) H(jw). The closed-loop response 
C(jw)/R(jw) can then be found by multi- 
plying GH/(1+GH)by H-! at each fre- 
quency. 
R Cc 
re 


Fig. 5-21 Nonunity-feedback system. 


3-5 SETTING THE GAIN FOR A SPECIFIED M,“**'*'*" 


5-5.1 GENERAL 


A primary problem encountered in servo 
system design is the determination of the 
loop gain K required to produce a specified 
degree of stability. For a unity-feedback sys- 
tem (Fig. 5-1), the stability of the system is 
determined by the location of the G (jw) locus 
with respect to the point —1-+ j0 (see Ny- 
quist criterion, Par. 4-3). For a nonunity- 
feedback system (Fig. 5-21), however, the 
stability of the system is determined by the 
location of the G(jw) H(jw) locus with re- 
spect to the point —1-+ j0. One analytical 
approach can serve for both types of sys- 
tems if it is noted that, by redrawing Fig. 
0-21, the study of the stability of a nonunity- 
feedback system can be expressed in terms 


5-15 


of the stability of a unity-feedback system 
cascaded with another transfer function 
(Fig. 5-22). Thus, the discussion of stabil- 
ity can be limited to unity-feedback systems. 

A system is said to have a low degree of 
stability if the normal mode of response is 
highly oscillatory. Such a system is also said 





Fig. 5-22 System equivalent to the system of 
Fig. 5-21. 
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to have a low relative stability. The degree 
of stability of a stable unity-feedback sys- 
tem can be measured by the closeness of ap- 
proach of the G(jw) locus to the point 
—1-+ 70. An examination of the polar M con- 
tours (Figs. 5-16 and 5-18) or the Nichols 
chart (Fig. 5-20) shows that, the larger the 
value of M, the more closely the G(jw) con- 
tour approaches the point —1 +70. The peak 
magnitude of the closed-loop response W (jw) 
is called M,. By limiting this peak value, the 
degree of stability of a system can be main- 
tained within a specified bound. 


If G(jw) is specified, except for a factor K, 
the degree of stability of the closed-loop re- 
sponse W(jw) corresponding to this G(jw) 
can be changed by adjusting the value of K. 
If the degree of stability as measured by M, 
is specified, K is uniquely determined. The 
determination of K for a specified M, is usu- 
ally accomplished by a graphical construction 
in the polar or gain-phase plane. 


5-5.2 POLAR-PLANE CONSTRUCTION 


The polar-plane construction required to 
determine K [the gain of G(jw) ] for a speci- 
fied M, is shown in Fig. 5-23 for the G/K 
plane and Fig. 5-24 for the KG-! plane. 





Fig. 5-23 Construction for gain determination on 
| direct (G/K) plane. 


5-16 


The procedure used for a construction on 
the direct, or G/K, plane (Fig. 5-23) is as 
follows: 


(a) See is plotted as a function of w. 


(b) A straight line is drawn from the 
origin, making an angle w with the real axis, 
where 

i) 


= sin-} 
p=si ( - 
This line is called the »p line. 


(c) A circle with center on the real axis is 
constructed, tangent to the wp line and the 
G (jw) /K locus. | 

(d) A line is drawn from the point of 
tangency of the yw line with the circle (point 
b in Fig. 5-23) normal to the real axis. 

(e) The value of Re(G/K) at the point of 
intersection of the normal with the real axis 
(point a in Fig. 5-23) is the reciprocal of the 
gain K which must multiply G (jw) /K to pro- 
duce the specified M,. 

(f) The angular frequency at the point of 
tangency of the G (jw) /K locus with the circle 
is the resonant frequency of the closed-loop 
system having the specified M, (wr in Fig. 
5-23). 





Im (KG7') 





KG-' PLANE 


Fig. 5-24 Construction for gain determination on 
inverse (KG~') plane. 
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The procedure used for a construction on 
the inverse, or KG"!, plane (Fig. 5-24) is as 
follows: 

(a) KG" (jo) is plotted as a function of w. 

(b) Astraight line (wy line) is drawn from 
the origin, forming an angle wy with the real 
axis, where 


1 
w= sin} oa 


(c) Accircle with center on the real axis is 
constructed, tangent to the KG locus and 
the wp line. 

(d) The center of the circle is the point 
—K-++ 0. Thus, the coordinate of the center of 
the circle on the real axis is the value of K 
used to multiply G (jw) to produce the desired 
M,. 

(e) The angular frequency at the point of 
tangency of the circle with the KG~'(jw) 


(a= 
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Fig. 5-25 Direct-plane determination of K for Ms = 1.6, G(jw) = 
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locus is the resonant frequency of the closed- 
loop system having the specified M, (wer in 
Fig. 5-24). 


Example. A unity-feedback system has the 
following open-loop frequency response: 


K 


C00) = 
jol (jm)? + 0.670 + 1] 


(5-35) 


Find K and wp for M, = 1.6. 
Solution. 
(a) Direct-plane procedure: 
(1) The &Y) 
K 
5-25). 


locus is plotted (Fig. 


(2) The » line is drawn with wy = sin} 


(=) ~- 38.7°. 
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Fig. 5-26 Inverse-plane determination of K for M, = 1.6, G(jw) = 


(3) The circle with center on the real axis, 
tangent to the G(jw) /K locus and the y line, 
is constructed. 


(4) Aline is drawn from point b perpendi- 
cular to the real axis, intersecting the real 
axis at the point —2.78+-70 (point a). 


(5) Thus, —- — 2.78, or K — 0.36. 


(6) The resonant frequency is w, = 0.94 
rad/sec. 


(b) Inverse-plane procedure: 

(1) The locus of 3KG"(jw) 
(Fig. 5-26). 

(2) The »p line for M, = 1.6 (w = 38.7°) 
is drawn. 

(3) The tangent circle is constructed. 

(4) The center of the tangent circle is at 
1.08+-70 (point a). 

(5) Thus, 3K = 1.08, or K = 0.36. 


(6) The resonant frequency is wr = 0.94 
rad /sec. 


is plotted 
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5-5.3 GAIN-PHASE PLANE CONSTRUCTION 


The construction required to determine the 
gain K for a specified M, is simpler when the 
gain-phase plane rather than the polar plane 
is employed. In the gain-phase plane construc- 
tion, changing the gain merely moves the 
G(jw) locus in a vertical direction without 
changing the phase angle. The gain-phase 
plane construction is carried out as follows 
(Fig. 5-27) : 


(a) The G(jw)/K locus is drawn on the 
gain-phase plane. 


(b) The G(jw)/K locus is placed over the 
Nichols chart or, more specifically, a plot of 
the desired M, contour is made on the gain- 
phase plane. The two coordinate systems are 
then aligned so that angles coincide. 


(c) The G(jw)/K locus is moved up (or 
down) until it is tangent to the specified M, 
contour. 














» 
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(d) The intersection of the 0-dg line of the 
M, contour with the G(jw)/K magnitude 
scale gives the value of 10 log;o K, where K 
is the value of the gain by which G(jw) /K 
must be multiplied to produce the specified 

” 

(e) The angular frequency at the point of 
tangency of the M, contour with the G (jw) /K 
locus determines the resonant frequency of 
the closed-loop system having the specified M,. 

Example. A unity-feedback system has the 
open-loop frequency response 


K (0.230 + 1) 
: - @ \? - @ 

— 0.67—+1 
jal ( 555) + M97 | 
Find K and w, for M, = 1.5. 


Solution. 


G(jo) = (5-36) 


(a) The te) locus is plotted (Fig. 5-28). 


(b) The G(jw) /K locus is placed over the 
M, — 1.5 contour, the phase-angle coordinates 


190° -90° 
0 dg FOR Ho) 
Locus 






0 dg FOR M, 
CONTOUR 


-w log 39 K 


Fig. 5-27 Construction for gain determination on 
gain-phase plane. 


are aligned, and the locus is moved vertically 
until tangency occurs. 


(c) The point of tangency occurs at wr = 
12 rad/sec. 


(d) The intersection of the 0-dg line of the 
M, contour with the magnitude scale of 
G (jw) /K yields 


—10 log.) K = —4.15 dg, or K = 2.6 





Fig. 5-28 Gain-phase plane determination of 
K for M, = 1.5, 


(0.2 jo + 1) 


G(jo) = K ——__——_—., —__——_——— 
‘ . ® . Ww 
jo | (if) +0615 +1] 
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5-6 APPROXIMATE PROCEDURES“*” 


5-6.1 PHASE MARGIN AND GAIN MARGIN 


The peak magnitude of the closed-loop re- 
sponse is not the only measure of the degree 
of stability that is commonly used. More 
direct, but less reliable, descriptions of the 
approach of the G(jw)locus to the point 
—1+ 0 are available. These measures of the 
degree of stability are called phase margin 
and gain margin. 


5-6.2 Phase Margin (Fig. 5-29) 

The phase margin (p.m.) of the open-loop 
function G(jw) of a unity-feedback system 
equals [180° + z G(jw)] at the frequency 
for which the magnitude of G(jw) is unity. 
5-6.3 Gain Margin (Fig. 5-29) 

The gain margin (g.m.) of the open-loop 
function G (jw) of a unity-feedback system is 
the reciprocal of the magnitude of G(jw) at 
the frequency for which the angle of G(jw) 
is —180°. 

The primary advantage of the use of the 
phase margin or the gain margin as a meas- 
ure of the degree of stability is that calcula- 
tions may be made directly on the separate 
magnitude and phase-angle plots. 






UNIT CIRCLE 


G PLANE 





A. POLAR PLANE 


In practice, the phase margin is used more 
widely than the gain margin as a degree-of- 
stability criterion, while the gain margin that 
results when the phase margin is specified is 
used as a measure of the goodness of perform- 
ance. A system with a low gain margin is 
considered to have a poor performance. 

The usual ranges of phase margin and gain 
margin for which performance will probably 
be satisfactory are the following: 


30° < p.m. < 60° (5-37) 
2.5 <g.m. < 10 (5-38) 
When the phase margin is used as a degree- 
of-stability criterion for setting the gain K of 
a unity-feedback system, the procedure is 


developed directly from the definition of 
phase margin as follows: 


(a) The separate amplitude and phase 
plots (or the gain-phase plot) of G(jw)/K 
are constructed. 


(b) The frequency at which 
/ ee — _180° + p.m. (5-39) 


is determined. 


-180¢ -90° 





B. GAIN-PHASE PLANE 


Fig. 5-29 Phase margin and gain margin. 
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(c) At this frequency, |G(jw)/K is deter- 
mined. 


(d) At this frequency, K is chosen such 
that 


IG(jo)| = 1 (5-40) 


Note that, if only a rough approximation is 
desired, the asymptotic magnitude curve may 
be used rather than the true magnitude curve. 


Example. 


The function plotted in Figs. 5-12 and 5-13 
is the open-loop function of a unity-feedback 
system. The phase margin of the system is to 
be set at 45°. In Fig. 5-13, m = 11 rad/sec 
when 


Z ae) — —180° + 45° — —135° 





(5-41) 
In Fig. 5-11, for w = 11 rad/sec 
To have |G(jw)| = 1 at w = 11 rad/sec 
10 logy, K = 4.5 dg, or K = 2.82 (5-43) 


Note, in this example, that the use of the 
asymptotic curve to estimate K gives a poor 
result. The magnitude of the asymptotic ap- 
proximation for G(jw)/K at w = 11 rad/sec 
is —7.5 dg. This would give an approximate 
value of K = 5.61 for a 45° phase margin. 
The error of approximation is a factor of two, 
which is too large to be acceptable. One should 
note further that, for this system, the gain 
margin is infinite since the negative phase 
shift never exceeds 180°. 


5-6.4 GENERAL COMMENTS ON THE 
PHASE-MARGIN CRITERION 


The phase-margin criterion used as a meas- 
ure of the degree of stability is a good sub- 
stitute for the M, criterion provided that the 
G function does not have low damping-ratio 
quadratic factors (¢ = 0.3) with natural fre- 
quencies in the range where 


—135° < 4 G(jw) < —225° (5-44) 


If no low damping-ratio quadratics are 
present, then the gain determined from the 
true magnitude curve (or the asymptotic 


magnitude curve) for a specified phase mar- 
gin is a good approximation to the gain de- 
termined from the corresponding M, crite- 
rion. The M, criterion corresponding to a 
given phase margin may be found from the 
relation 





p.m. ~ sin! ( 


= (5-45) 


Dp 


The frequency at which the phase margin 
is determined is: (1) the magnitude cross- 
over frequency w,, if the true magnitude 
curve is used; and (2) the asymptote cross- 
over frequency w, if the asymptotic magni- 
tude curve is used. For the M, corresponding 
to the specified phase margin, the frequen- 
cles W,,, OY w, are good approximations to the 
resonant frequency of the system wy. 


5-6.5 APPROXIMATE CLOSED-LOOP 
RESPONSE 


If the phase-margin criterion is used in 
conjunction with the separate amplitude and 
phase-angle plots, a rapid estimation of the 
closed-loop magnitude response is obtainable 
by means of the following relations: 


(a) For a unity-feedback system (Fig. 
5-1) 
|W(jwo)| ~ 1, when|G(jw)| >> 1 
(5-46) 
|W(jw)| ~|G(jw)|, when |G(jw)| <<< 1 
(5-47) 


(b) For a nonunity-feedback system (Fig. 
5-21) 











em ~| | 

R (jo) H (jw)| 

when |G(jw) H(jw)|>> 1 (5-48) 
C(jo)| — a,. 

res 25 Gay| 

when |G(jw) H(jw)|<< 1 (5-49) 


In the approximate equations (5-46) to 
(5-49), the boundary is always the point 
where the magnitude of the open-loop func- 
tion is unity. Since this point is determined 
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directly in the phase-margin procedure, the 
approximate closed-loop response for a given 
phase-margin criterion can be constructed as 
follows: 


(a) For unity feedback, the magnitude 
crossover frequency @. is determined by 
means of the phase-margin criterion. 

(b) Usually for o < Wen, | G(jw) | > 1, and 
for » > Om, |G(jwo)| < 1 [G(jw) is mono- 
tonic}. 

(c) Therefore, for w < Om, | W(jw)| ~ 1. 
For © > Wom, | W(jw)| = | G (jo) |. 

(d) At w= Wen, | W(jw)| ~ M,, where M, 
is determined for the specified phase margin 
from Eq. (5-45). 

(e) From the high-frequency (w > Wem) 
and low-frequency (w < Wan) behavior to- 
gether with the behavior at w = w.m, the en- 
tire magnitude response | W (jw) | may be ap- 
proximated. 


CLOSED-LOOP MAGNITUDE RESPONSE 


If |G(jw)| is not monotonic as defined in 
step (b), several magnitude crossover points 
will exist and Eqs. (5-46) and (5-47) must 
be used directly. In this case, the approxima- 
tion should not be trusted unless the cross- 
over points are widely separated (at least 1 
decade apart) or | G(jw)| >> 1 or << 1 be- 
tween the crossover points. 


The procedure for nonunity-feedback sys- 
tems is similar to that described here for 
unity-feedback systems and is based on Eqs. 
(5-48) and (5-49). 


If only a very rough approximation is de- 
sired, the asymptotic magnitude curves may 
always be used to reduce calculation time. 


Example. The open-loop function of a 
unity-feedback system is 


K 


eh 
Oe aaa) 


(5-50) 





Fig. 5-30 Approximate closed-loop magnitude response of unity-feedback system, 


G (jo) 


K 


~ jojo +1) 
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The gain K is to be set for a phase margin of 
45°. Find K, w.m, and the approximate closed- 
loop magnitude response W (jw). 


Solution. — 

(a) Z ae — 180° + 45° — — 135° 
for w = 1 (the crossover frequency). 

(b) Ato = 1, ooen = 0.707. 

(c) Therefore, K = 1.41 and w,, = 1. 


(d) If the asymptotic magnitude curve for 
G (jw) /K is used, the asymptotic magnitude 


of G(jw)/K = 1 at wm = 1. Thus, use of the 
asymptotic magnitude rather than the true 
magnitude produces an error of 40 percent 
in the determination of K. 

(e) If the approximation to the closed- 
loop magnitude response is based on the 
asymptotic magnitude curve of G (jw) /K, then 
for w < W.m, the magnitude of W (jw) is unity. 
For w > Wem, the magnitude of W (jw) is rep- 
resented by a straight line with a slope of 
— 20 dg/decade, crossing 0 dg at w=a,.m = 1. 
The M, corresponding to a phase margin of 
45° is 1.41, or 1.5 dg. The approximate closed- 
loop magnitude response is shown in Fig. 5-30. 


5-7 ROOT-LOCUS METHOD” 


5-7.1 GENERAL 


The root-locus method deals primarily with 
the study of the motion in the s plane of the 
roots of the characteristic equation of a sys- 
tem as a function of the gain K. The relation 
between stability and gain can be observed di- 
rectly through use of this method by noting 
how the roots move from the left half of the 
s plane (stable roots) to the right half of the 
s plane (unstable roots) as K is varied. A sys- 
tem can be characterized as having a low de- 
gree of stability if its roots lie in the left half 
of the s plane but are very close to the im- 
aginary axis. 

Gain determination by means of the root- 
locus method is based on the fact that many 
practical systems have a pair of complex 
closed-loop poles that are closer to the origin 
than any other complex poles of the system. 
These poles are called the dominant poles of 
the system. By assigning a specified value to 
a characteristic parameter of the dominant 
pole pair, the gain of the system may be fixed 
by a measure of the degree of stability related 
to the dominant pole pair. 


5-7.2 PROPERTIES OF ROOTS IN THE s PLANE 


The roots of the characteristic equation of 
a system are either first- or second-order, and 
each root is associated with a specific tran- 
sient response mode. The characteristics of 
the roots, the response modes, and the speci- 


fic contours in the s plane are related in a 
simple way. 


5-7.3 First-Order Root: s = — i 


T 
The transient response mode corresponding 
to this root is e-'/7, where T is the time con- 
stant of the mode. Lines drawn parallel to the 
imaginary axis in the s plane are loci of con- 
stant T for first-order factors. 


5-7.4 Second-Order Root: 
s=—Cto,+ jo, /1—@2 
The transient response mode corresponding 
to this root is 
e-Sent cos wa! 
where 
(Cw, )-? = time constant of envelope of mode 


Wg = W,\/1 — C =damped frequency of 
transient oscillation 

¢ = damping ratio 

®, — undamped natural frequency 


For the second-order root, s-plane loci can be 
developed by using the following properties: 


Re(s) =—Co, (5-51) 
Im(s) = + oa = + op V1 — CF (5-52) 
|s| =o, (5-53) 
Z s=+cos!¢ + 180° (5-54) 
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Fig. 5-31 Loci of characteristic parameters of 
second-order root. 


Thus, lines drawn parallel to the imaginary 
axis are loci of constant-envelope time con- 
stant (Cw,)~-'. Lines drawn parallel to the real 
axis are loci of constant damped frequency of 
oscillation w,. Circles centered at the origin 
are loci of constant natural frequency .w,,. 
Radial lines emanating from the origin are 
loci of constant damping ratio ¢. The various 
s-plane loci for the second-order factor are 
shown in Fig. 5-31. 


5-7.5 GAIN DETERMINATION IN THE s PLANE 


The usual degree-of-stability criterion for 
determining the gain K from the root locus 
of a system is: 


The dominant roots are adjusted to 
satisfy a specified damping ratio CF. 


The advantage of the root-locus procedure 
over the M, criterion of the frequency- 
response method becomes evident if a truly 
dominant pole pair exists. In this case, all 
other poles are far from the origin, and the 
transient response of the system is dominated 
by the transient response mode associated 
with the dominant pole pair. Thus, the time 


behavior of the system becomes immediately 
evident once the damping-ratio criterion is 
satisfied. The disadvantage of the root-locus 
method is that considerable time is consumed 
in constructing the locus. Adjustment of the 
gain K for a specified dominant-root damp- 
ing ratio is best demonstrated by a specific 
example. 


Example. The open-loop function G(s) of 

a unity-feedback system is 
K (0.2s+ 1) 

s(s+1)(0.1s+1) 
Find the gain A and the closed-loop pole-zero 
configuration for a dominant-root damping 
ratio ¢ =0.5. 
Solution 

(a) The open-loop function is placed in 


the standard form of the root-locus method as 
follows: 


G(s) = (5-55) 


(s + 5) 


(b) The angle condition is 
Z(s+5)— Zs— Z(s-41) 
— £/(s+ 10)= —180° (5-57) 
(c) The magnitude condition is 
Eanee!] 1 (5-58) 


Talis Ais + 10) 

(d) The locus of the roots is constructed 
from the angle condition by choosing trial 
points in the s plane and checking back to see 
whether the angles of the vectors of the open- 
loop poles and zeros add up according to Eq. 
(5-57). A curve drawn through the trial points 
that satisfy this equation is the root locus. To 
determine the gain K associated with each 
locus point, Eq. (5-58) is used. The value of 
s corresponding to a given locus point is sub- 
stituted into this magnitude equation and the 
equation is then solved for K. The locus for 
this problem in the upper half of the s plane 
is Shown in Fig. 5-32. 

(e) The line corresponding to F= 0.5 (2 
$s = +120°) is drawn and the intersection 
with the locus is noted. The intersection occurs 
at s = —0.60 +71.04. 

(f) Using the magnitude condition, it is 
found that AK = 1.38. 
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(gz) For K = 1.38, the location of the real (i) The factored closed-loop transfer func- 
root between s = —5 and s = —10 is deter- __ tion is 
mined by direct application of the magnitude 
condition. This rot lies at s = —9.85. 
(h) The closed-loop pole-zero configura- 2.84 (s +5) 
tion has a zero at the open-loop zero s = —5. W(s) = i Aoi thatthe 


+10 
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Fig. 5-32 Gain determination from root locus, G(s) = 
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CHAPTER 6 


COMPENSATION TECHNIQUES* 


6-1 INTRODUCTION 


Compensation in the general field of servo- 
mechanisms refers to the procedures used to 
modify the dynamic response characteristics 
of a system by auxiliary means so that it 
meets performance specifications. Most actual 
components have a limited dynamic response 
and so do not respond instantaneously to in- 
put variations. Because of the dynamic lim- 
itations of physical components, stability 
problems arise in closed-loop systems, as dis- 


cussed in Chs. 4 and 5. The requirement of 


stable operation imposed on all closed-loop 
systems limits the accuracy that can be ob- 
tained with these systems. In order to mini- 
mize this inherent limitation, artificial means 
(compensation techniques) are used to mod- 
ify the dynamic characteristics. These in- 
clude the introduction of networks cascaded 
with the fixed elements in the loop and the 
addition of auxiliary loops to the system. 


The general compensation problem is il- 
lustrated by Fig. 6-1. In this figure, G,(s) 
represents the response of the fixed elements 
in the loop which cannot be altered, H(s) 
represents the response of feedback elements 
that may be present, and G,(s) represents 
the response of compensating elements that 
are to be adjusted so that the complete sys- 
tem meets the performance specifications. 
The procedure for designing the system can 
be outlined as follows [H(s) is assumed to be 
unity]: 

(a) With G,(s) = K, a pure gain (real 
number), a stability check is made to deter- 
mine the allowable range of the gain A for 
stable operation. 


(b) Assuming a specified degree of stabil- 
ity, the gain K, is adjusted to meet this re- 
quirement. 


*By L. A. Gould 
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(c) From the input specifications, the 
error of the system is found when K is ad- 
justed as in (b), and this error is checked 
against the error specification. 


(d) If the error does not meet specifica- 
tions, a more complicated form for G,(s) is 
introduced. The system is then adjusted to 
satisfy the specified degree of stability, and 
the error specification is again checked. 

(e) The procedure is continued, trying dif- 
ferent or more complicated compensation 
functions, until the error falls within specifi- 
cations (that is, if the specifications can be 
met). 

In practice, the forms of compensation nor- 
mally employed are kept simple. This is due 
in part to the fact that the fixed elements are 
usually limited in their range of linear opera- 
tion, and the introduction of complex compen- 
sation functions merely reduces the range 
over which the linearity assumption applies. 
In addition, it is found that the theoretical 
advantages that may accrue with complex 
compensation are not realized in practice be- 
cause the theoretical model no longer fits the 
physical system. 





Fig. 6-1 Compensation in a single loop. 
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6-2 RESHAPING LOCUS ON GAIN-PHASE PLANE °?°4*!" 


6-2.1 GENERAL 


Because magnitudes and phase angles add 
when functions are cascaded in the gain- 
phase plane, this frequency domain is the 
one most suitable for studying the effects of 
cascaded compensation functions. The intro- 
duction of a compensation function in the 
loop of a unity-feedback system can be 
thought of as a method for reshaping the 
open-loop frequency response C (jw) /E (jw) 
to permit a higher gain to be used for the 
specified degree of stability. If M, is the 
degree-of-stability criterion used, the gain 
can be increased by causing the phase and 
gain margins of the function G,(jw) G,; (jw) /K 
to increase by a proper choice of G.(jw). To 
maintain the specified M,, the M, contour 
must be moved downward for tangency to 
occur; this downward motion corresponds to 
an increase in the open-loop gain of the sys- 
tem (Fig. 6-2). The two most commonly used 
compensation networks for reshaping the 
open-loop gain-phase locus are the lag net- 
work and the lead network (see Par. 6-6). 


—180° 


-90° 





G. (jw) G, (jo) 
—— 


Fig. 6-2 Change in open-loop response produced 
by compensation illustrating downward motion of 
M, contour for gain increase 


6-2.2 LAG COMPENSATION 
The first-order lag function is 


Tjo+1 . 


G. — K ’ 
(70) aT jw +1 


a>l (6-1) 


where K is the real gain factor, 7, is the time 
constant, and a is an attenuation factor. Lag- 
function plots for a = 5, 10, 20 (with K = 1) 
are shown in Fig. 6-3. These plots are made to 
a normalized frequency scale for which 


B= Tw 


(6-2) 
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Fig. 6-3 Universal lag functions. 
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In using the lag function to reshape an 
open-loop frequency response, the choice of 
the attenuation factor is usually governed by 
the gain increase that is sought. In practice, 
a’s greater than 20 are rarely used. A good 
rule of thumb is that the gain increase that 
can be achieved lies in the range from 0.7a to 
0.9a. There are two considerations that limit 
the choice of the time constant 7. Since the 
lag function introduces a negative phase shift, 
the choice of the time constant should be such 
that this phase shift does not occur in the 
region where the open-loop response passes 
near the —1+-70 point. Consequently, the lag 
function is usually adjusted so that its major 
phase contribution occurs at low frequencies. 
This means that 7. cannot be made too small 
without affecting the stability of the system. 
On the other hand, if T,. is made too large, the 
transient response of the system tends to 
deteriorate as a result of excessive peaking 
and an abnormally long settling time. A rule 
of thumb for adjusting the lag function is as 
follows: Choose T, so that a phase shift of 
—5° to —10° is introduced at the uncom- 
pensated resonant frequency of the system. 
The uncompensated resonant frequency is de- 
fined as the resonant frequency which is ob- 
tained for the specified M, when G.(s) = K. 


The steps involved in adjusting the lag 
function are the following: 


‘a) With G,.(s) = K, the gain and .eso- 
Nait frequency of the system are found for 
the specified value of M,. 


(op) Using Fig. 6-3, the value of 6 is de- 
termined for the specified allowable phase 
shift. Since the region of low phase shift of 
the lag function occurs for values of 6 = 5, 
the phase shift of the lag function in this 
region is adequately represented by 





Z G.. 1») SS — for S=>5 +t 


* Symbol < denotes ‘‘angle”’ 
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Thus, the phase angle varies inversely as £. 


(c) If we: is the uncompensated resonant 
frequency and 6, is the value of 8 correspond- 
ing to the specified allowable phase shift of 
the lag function, then, from Eq. (6-2), 


(6-4) 


(d) Since the scale ratio beuween 6 and w 
is fixed by Eq. (6-4), the magnitude and 
phase-angle contribution of the lag function 
to the G,;(jw) function at each frequency can 
determined from the universal curves of Fig. 
6-3. 


(e) After the lag function has been added 
to the fixed-element response G,(jw), the gain 
K is determined from the specified M, cri- 
terion. 


Example. The transfer function of the fixed 
elements of a unity-feedback system is given 
by 


1 


Ci) oa 
s(0.3s + 1) (0.1s + 1) 


(6-5) 


A lag function with ao = 1U is used to com- 
pensate the system. The lag function is to 
contribute —5° of phase shift at the uncom- 
pensated resonant frequency. Design the com- 
pensation when 10 log) M, = 1.5 dg. 


Solution. The frequency response G,(jw) is 
plotted in Fig. 6-4 as Curve A. For the speci- 
fied M, (see construction), the point of tan- 
gency of the M, contour with Curve A occurs 
at the point where wr, = 2.4 rad/sec; from 
the displacement downward of the M, 
contour by 4.1 dg (i.e, 10 log K = 4.1) one 
gets K — 2.57 for the uncompensated system 
when G.(jw) = K. From the a = 10-plot of 
Fig. 6-3, —5° of phase shift occurs at By = 10. 
Therefore, 


Bo 10 


Wr, = 2.4 
The scale change from w to 6 is, therefore, 


B = 4.17w (6-7) 


a Be — 4.17 seconds (6-6) 
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Fig. 6-4 Lag-compensation procedure. 


With this scale change, the universal lag 
function for a = 10 is used to add the magni- 
tude and phase angle of G.(jw)/K to the 
fixed-element response G,(jw). The compos- 
ite G.(jw)G,(jw)/K function appears as 
Curve B in Fig. 6-4. Using the specified M, 
criterion, the resonant frequency of the com- 
pensated system is 2.0 rad/sec and K has 
been increased to a value K = 20.4. Thus, the 
use of the lag function with a = 10 has al- 
lowed an increase in gain by a factor of 7.6. 
The resonant frequency has been decreased 
by 17 percent. 


6-2.3 LEAD COMPENSATION 
The first-order lead function is 
al jw + 1 
Tjo+1 
where K is the gain, T, is the time constant, 


and a is an attenuation factor. Lead-function 
plots for a = 5, 10, and 20 are shown in Fig. 


G.(jw) — K ; a>l (6-8) 


6-5. These plots utilize a normalized frequency 
scale for which 


6 = Two (6-9) 


In using the lead function to reshape an open- 
loop frequency response, advantage is taken 
of the fact that the lead function exhibits 
positive phase shift. Thus, by adjusting the 
time constant T',, it is possible to add positive 
phase angles to the fixed-element response 
G,(jw) in a region where the negative phase 
shift of the fixed elements is too great to secure 
an M,-contour tangency. Hence, the lead func- 
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Fig. 6-5 Universal lead functions. 
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tion can decrease the effective negative phase 
shift of the composite G,(jw) G;(jw) /K func- 
tion, allowing an M, tangency to occur for a 
larger value of gain K. In many cases, an 
increase in the resonant frequency of the sys- 
tem is obtained when lead compensation is 
used. 

Due to the tendency of lead compensation 
to increase the bandwidth of a system, it is 
found that the system is more sensitive to 
noise, and its linear range of operation is re- 
stricted. Thus, in practical situations, the 
attenuation factor a used usually does not 
exceed 20. The adjustment of the time con- 
stant 7..is a matter of trial and error. An out- 
line of the trial-and-error procedure is given 
below: 

(a) The phase-angle difference w between 
the “nose” of the M, contour and the —180° 
line of the gain-phase plane is given by 


) 


The maximum phase shift ¢,, introduced by 
the lead function is 
: —l 
a—S mi — 
én — sin ( 4 


(b) The first-trial choice of the lead-func- 
tion time constant 7, is found by determining 
the frequency at which the following angle 
relation holds: 


< G,(ju,) = —180° + y — om (6-12) 


The frequency w, which satisfies Eq. (6-12) 
be found directly from the gain-phase plot of 
G, (jw). Then, the first choice of 7, is given by 


Bm 


WO} 


y = sin ( os (6-10) 


(6-11) 


T (6-13) 


2 rar 





where 6,, is the frequency at which the maxi- 
mum phase shift (¢,) occurs on the normal. 
ized lead-function curve of Fig. 6-5. The fre- 
quency 6,, can be found from the relation 


7 1 
Va 
(c) Since the scale ratio between w and the 

normalized frequency 6 is fixed by Eq. (6-14), 


the magnitude and phase-angle contribution 
of the lead function to the G;(jw) function at 





Bn (6-14) 
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each frequency can be determined from the 
universal curves of Fig. 6-5. 


(d) After the lead function has been added 
to the fixed-element response G,(jm), the gain 
K is determined from the specified M, cri- 
terion. . 


(e) The first-trial choice of the lead-func- 

tion time constant 7, usually determines a 
closed-loop resonant frequency that is close 
to the maximum obtainable frequency with 
the given attenuation factor a. 
However, the open-loop gain K is not neces- 
sarily a maximum. Therefore, if gain increase 
is the objective, additional trials must be 
made. The additional trials usually involve the 
choice of trial values of 7, that are smaller 
than the initial choice. A rule of thumb is that 
the tirme constant T, which maximizes K is 
approximately one-half to one-third the ini- 
tial-trial value. 

Example. The transfer function of the fixed 
elements of a unity-feedback system is given 
by Eq. (6-5). A lead function with a = 10 is 
used to compensate the system. Design the 
compensation when X log,,.M, = 1.5 dg. 
Solution. The frequency response G,(jw) is 
plotted in Fig. 6-6 (Curve A). From the prob- 
lem specifications and Eqs. (6-10), (6-11), 


A- G, (jo) 
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Fig. 6-6 Lead-compensation procedure. 
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and (6-14), we find that y = 45°, ¢,, = 54.9°, | the gain of the uncompensated system with 
and B,, = 0.816. Eq. (6-12) yields G.(jw) — K is K = 2.57. The resonant fre- 
. quency of the compensated system (Curve B) 
Ty ea (eh) iS Wr, = 8.2 rad/sec and the gain of the com- 
Using this result and Curve A of Fig. 6-6, we pensated system is K = 6.68. Thus, the reso- 
find that w, — 7.2 rad/sec. Then, from Eq. nant frequency of the system has been in- 
(6-13), the initial choice for the lead-function creased by a factor of 3.4 and the gain by a 
time constant is T., = 0.044 sec. The scale factor of 2.6 through lead compensation. If 
change from w to 6 is therefore given by maximum gain is sought, the lead time con- 
stant must be reduced. By trial and error, we 
B = 0.044 (6-16) snd that with 7. — 0.020 sec, we = 5.6 rad/sec 
With this scale change, the universal lead and K — 8.65. The construction for maximum 
function for a — 10 is used to add the magni- gain is shown as Curve C in Fig. 6-6. Thus, for 
tude and phase angle of G.(jw) /K to the fixed- | maximum gain adjustment, lead compensation 
element response G,(jw). The composite increases the resonant frequency by a factor 
G..(jw) G,;(jw) /K function appears as Curve B of 2.3 and the gain by a factor of 3.4. Note 
in Fig. 6-6. Using the specified M, criterion, that the time constant for maximum gain is 
the resonant frequency of the uncompensated 0.45 times the initial-trial choice. The results 
system (Curve A) is wr, = 2.4 rad/sec and of this example are listed in Table 6-1. 


TABLE 6-1 RESULTS OF LEAD COMPENSATION EXAMPLE 


Compensation Adjustment w,; (rad/sec) 


Initial trial; maximum resonant 
frequency 















Final trial; maximum gain 


Rewmemion |e 


6-3 PHASE-MARGIN AND ASYMPTOTIC METHODS °~”’ 


6-3.1 GENERAL 5-1) usually occurs in a region where the slope 
A rough picture of the effect of compensa- of the asymptote is —10 dg/decade. 

tion can be obtained if the magnitude asymp- The phase-margin criterion can be used as 

totes are used in conjunction with the phase- an approximation to the M, criterion, or it can 

margin criterion for the degree of stability | be used as an independent degree-of-stability 

(see Par. 5-6). Using a 45° phase-margin cri- criterion. If it is used independently, the sep- 


terion, the asymptotic method gives good re- arate magnitude vs frequency and phase- 
sults provided there are no low-damping-ratio angle vs frequency plots are employed. If the 
quadratic factors in the open-loop transfer phase-margin criterion is used to approxi- 
function C (jw)/E'(jw). If the 45° phase- mate the M, criterion, one might just as well 
margin criterion is assumed, then the asymp- use the asymptotic curve as an approxima- 
tote crossover frequency ww, (defined in Par. tion to the true magnitude curve. 
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The rules of thumb established in Par. 6-2 
for adjusting the compensation functions can 
be applied in an identical manner when work- 
ing with the separate magnitude and phase 
angle plots except that the asymptotic-cross- 
over frequency w, or the magnitude-crossover 
frequency ,m Will replace the resonant fre- 
quency wr where necessary. The universal 
compensation-function curves of Figs. 6-3 
and 6-5 can be used when working with the 
separate magnitude and phase-angle curves. 

The steps involved in adjusting the com- 
pensation functions when using the phase- 
margin criterion and the separate response 
curves are outlined below. 


6-3.2 LAG COMPENSATION 


(a) With G.(s) = K, the gain and mag- 
nitude-crossover frequency (or asymptote- 
crossover frequency) are found for the speci- 
fied phase margin. 


(b) Using: the universal lag-function 
curve (Fig. 6-3), the normalized frequency 
6B, (at which the allowable negative phase 
shift of the lag function occurs) is deter- 
mined. 

(c) The lag-function time constant is 
found from the relation 





T.= Be (6-17) 
Wem, 

where w,,,, is the magnitude-crossover fre- 
quency of the uncompensated system, or, 


alternatively, one can use the relation 


By 


Wy: , 


fm 





(6-18) 


where w,, is the asymptote-crossover fre- 
quency of the uncompensated system. 


(c) Using the scale ratio between 6 and w 
determined by Eq. (6-17) or (6-18), the 
magnitude (or asymptote) and phase-angle 
contribution of the lag function to the G, (jw) 
function at each frequency can be determined. 


(d) After the lag function has been added 
to the fixed-element response G, (7m), the gain 
K is determined from the specified phase mar- 
gin. 
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6-3.3 LEAD COMPENSATION 


(a) The frequency w, which satisfies Eq. 
(6-13) is found directly from the 2 G,(jo) 
curve. 

(b) If 6B, is the normalized frequency at 
which the maximum phase shift ¢, for the 
lead function occurs (see Fig. 6-5), then the 
first trial choice of the lead-compensation 
time constant is 


(6-19) 





(c) Using the scale ratio between £,, and 
w, determined by Eq. (6-19), the magnitude 
(or asymptote) and phase-angle contribution 
of the lead function to the G,(jw) function at 
each frequency can be determined. 

(d) After the lead function has been added 
to the fixed-element response G, (jw), the gain 
K is determined from the specified phase mar- 
gin. 

(e) Further trial values of the lead-func- 
tion time constant 7, are tried until the gain 
K or the magnitude- (or asymptote-) cross- 
over frequency has been maximized. 

Example. The transfer function of the fixed 
elements of a unity-feedback system is given 
by Eq. (6-5). The 45° phase-margin criterion 
is to be used to adjust the degree of stability 
of the system. 

(a) Lag compensation with a = 10 is to be 
used to improve performance. The allowable 
negative phase shift that the lag function con- 
tributes at the magnitude- (or asymptote-) 
crossover frequency of the uncompensated 
system shall be 5°. Design the compensation. 

(b) Lead compensation with a = 10 is to 
be used to improve performance. Design the 
compensation. 

Solution. 

(a) The magnitude and asymptote curves 
of G,;(jw) are drawn in Fig. 6-7 and the 
phase angle curve is drawn in Fig. 6-8. For 
a 45° phase margin, the magnitude-cross- 
over frequency w,.,—= 2.08 rad/sec and the 
corresponding gain is 2.34. The asymptote- 
crossover frequency w, = 2.08 rad/sec and the 
corresponding gain is 2.04. (Compare with 
Wr = 2.4 rad/sec and K= 2.57 for 10 logo 
M,=—1.5 dg.) For 5° of allowable negative 
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phase shift, and a= 10, i, = 10 from Fig. 
6-3. Therefore, using Eqs. (6-17) or (6-18), 
T. = 4.8 sec. The scale change from 6 to w is 
given by 

B = 4.8 (6-20) 


The composite G,.(jw)G,(jw)/K magnitude 
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and asymptote curves for the lag-compen- 
sated system are drawn in Fig. 6-7, and the 
composite phase-angle curve is drawn in Fig. 
6-8. Using the 45° phase margin, the magni- 
tude-crossover frequency wW.m = 1.74 rad/sec, 
and the corresponding gain is 20. The asymp- 
tote-crossover frequency w,=— 1.74 rad/sec 
and the corresponding gain is 17.8. 






ASYMPTOTE G, (jw) 


MAGNITUDE G, (jw) 
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10 





Fig. 6-8 Phase curves for lag-compensation procedure employing phase margin. 
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(b) The magnitude and asymptote curves 
of G;(jw) are drawn in Fig. 6-9 and the phase 
angle curve is drawn in Fig. 6-10. Using the 
problem specifications and Eqs. (6-11) and 
(6-14), w = 45°, , = 54.9° and 6,, = 0.316. 
Eq. (6-12) yields 


Z. G,(jo:) = —189.9° (6-21) 
Using this result and the G,(jw) phase-angle 


= 
= 
~~ 


10 logy [G(}e)| —pm 





5 ! 2 
w 


curve (Fig. 6-10), o, = 7.2 rad/sec. From Eq. 
(6-19), the initial-trial time constant 7’, = 
0.044 sec and the scale change from 6 to is 
given by 


B = 0.0440 (6-22) 


The composite G,(jw)G,;(jw)/K magnitude 
and asymptote curves for the first-trial lead- 
compensated system are drawn in Fig. 6-9 
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Fig. 6-10 Phase curves for lead-compensation procedure employing phase margin. 
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and the corresponding phase-angle curve is 
drawn in Fig. 6-10. Using the 45° phase-mar- 
gin criterion for the lead compensated system, 
the magnitude-crossover frequency w,,, = 7.0 


rad/sec, and the corresponding gain is 6.02. 
The asymptote-crossover frequency w, — 7.0 
rad/sec and the corresponding gain is 4.46. 
The results of this example are summarized 
in Table 6-2. 


TABLE 6-2 RESULTS OF COMPENSATION USING 45° PHASE MARGIN 


Compensation 
Adjustment 


No compensation; 
true magnitude 
used 


No compensation ; 
asymptote used 


Lag compensation ; 
true magnitude 
used 


Lag compensation ; 
asymptote used 


| Lead compensation ; 
true magnitude 
used 


Lead compensation ; 
asymptote used 


Factor of w, or 
W-m Change 





6-4 FEEDBACK OR PARALLEL COMPENSATION °°” 


The cascade type of compensation discussed 
in Pars. 6-2 and 6-3 has the disadvantage 
that the compensation adjustment is sensitive 
to changes in the parameters of the fixed ele- 
ments due to non-linear behavior of the sys- 
tem. When feedback compensation is used, on 
the other hand, the compensation adjustment 
is much less sensitive to fixed-element param- 
eter variation provided the loop gain is high. 
In addition, the networks used in feedback 
compensation are usually simpler in form 
than the corresponding cascade networks. 
However, the necessity for high loop gain (at 
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least a gain of 10 at the break frequencies of 
the feedback networks) generally requires a 
more complicated and expensive system. 

The procedure used in designing feedback 
compensation networks employs a combina- 
tion of the gain-phase plane and the asymp- 
totic-magnitude presentations. The basic 
principles involved in the design of feedback 
compensation networks can be clarified by a 
study of Fig. 6-11. Here a feedback function 
H..(s) is used to modify the characteristics of 
the fixed elements G,(s) and a cascade func- 
tion G..(s) is provided to aid in adjusting the 
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performance of the major loop. In most cases, 
the cascade function G,(s) is a pure gain K 
which serves to adjust the degree of stability 
of the system. The burden of reshaping the 
G,(s) function is placed on the feedback com- 
pensation function H,.(s). In addition, the 
feedback function is usually provided with a 
gain adjustment to permit the setting of the 
degree of stability of the minor loop. 

The general configuration of Fig. 6-11 can 


be redrawn and placed in the cascade form of 
Fig. 6-12. Here, 


G.(s) 


ays eetay (a) 


(6-23) 


Thus, theoretically, cascade compensation and 
feedback compensation are equivalent. In 
practice, feedback compensation is more flex- 
ible, and the resulting system is less sensitive 
to component parameter variations. 





Fig. 6-11 General feedback-compensation 
configuration. 





Fig. 6-12 Cascade equivalent of feedback- 
compensation configuration. 


The procedure for adjusting the feedback 
compensation is best understood by examin- 
ing the asymptotic behavior of the minor loop. 
If 


IG; (jo) H.(jo)| >> 1, 


then 
C(jo) _ G, (jw) ee 
A (jw) 1 + G, (jw) 1. (jw) H.(jo) 
(6-24) 
If 
then 
C (Jw) ; 
csi eet a = -25 
A (jo) G, (jw) (6-25) 


Thus, in the frequency ranges where the open- 
minor-loop frequency-response magnitude 
|G, (jw) H,(jw)| is very large, the closed-mi- 
nor-loop response C (jw) /A (jw) behaves like 
the reciprocal of the feedback function 
H.(jw). When the open-minor-loop-response 
magnitude is very small, the closed-minor-loop 
response behaves like the fixed elements re- 
sponse function G,(s). Thus, the frequency 
scale can be divided into several regions based 
on the magnitude of the open-minor-loop re- 
sponse. Whenever the magnitude of this re- 
sponse |G,(jw) H,.(jw)| or |B(jw) /M (jw)| is 
greater than unity, the asymptotes of the 
closed-minor-loop response coincide with the 
asymptotes of the reciprocal of the feedback 
function H.(jw). Whenever the magnitude of 
the B(jw) /M (jw) function is less than unity, 
the closed-minor-loop response asymptotes 
coincide with the asymptotes of the fixed-ele- 
ment response G, (jw). 

Usually, the feedback function H.(jw) is so 
chosen that the frequency scale is divided into 
three ranges. These ranges are: 


0<a<o, when |G,(jw)H.(jw)| <1 
(6-26) 

O<wo< ow, when |G;(jo)H.(jw)| > 1 
(6-27) 

WO,<w< 0 when |G,(jw)H.(jw)| <1 
(6-28) 
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and w; is the lower-frequency boundary and 
@, is the upper-frequency boundary. Corres- 
ponding to the three frequency ranges fixed 
by the magnitude of the open-minor-loop re- 
sponse, the closed-minor-loop response 
asymptotes are defined by 

G,(jw) | for0 <w<o, 


r ie = 

A (jo) on 
C(jo)| | 1 

Are = FETS} Seen a a 


(6-30) 





r ae ae 
A (jw) 





G, (jw) | for w, << 0 < 
(6-31) 


The procedure for adjusting the feedback 
function H,(s) and the cascade gain G,(s) 
= K can thus be roughed out using asymptotic 
pictures of the various responses and then car- 
ried out in detail using the gain-phase plane. 
The aim of the asymptotic sketches is to ex- 
amine the form of the closed-minor-loop re- 
sponse as the feedback compensation is ad- 
justed. Examination of the asymptotes of 
typical cascade compensation arrangements 
can also serve as a guide to the shaping of the 
closed-minor-loop response. The desirable 
properties of the closed-minor-loop response 
can be expressed in terms of the properties 
that are desirable for any open-major-loop 
function; namely, high gain at low frequen- 
cles (w<w,), a stable shape relative to the 
—1 + 0 point, and low gain at high frequen- 
cles (w>a,). 

Since there are usually several parameters 
to adjust in the feedback compensation proce- 
dure, the process of adjustment is one of trial 
and error guided by the asymptotic sketches. 
The details of the procedure are best demon- 
strated by an example. 


Example. Th ‘ransfer function of the fixed 
elements of a sysiem is given by 


1 
s(0.3s + 1) (0.1s + 1) 
Feedback compensation is to be used to im- 


prove the performance of the system in con- 
junction with a pure gain cascaded with the 


G,(s) = (6-32) 





minor loop. The transfer function of the feed- 
back elements is given by 


K,s” 
Ts+1 
Note that this transfer function can be 
realized in a position-control system by a 
tachometer cascaded with a single-stage high- 
pass RC filter. The cascade compensation be- 
ing a pure gain, its transfer function is given 

by 


C.(s) —K 


H,(s) = (6-33) 


(6-34) 


Design the compensation for a 45° major- 
loop phase margin. 


Solution. The open-minor-loop transfer func- 
tion is 


B(s) __ _ 
Ms) — 
cS 


(T.s +1) (0.38 + 1) (0.18 + 1) 
(6-35) 


A plot of the asymptotes of G,(jw) H.(jw) /K., 
using the techniques for plotting asymptotic 
magnitude curves of Par. 5-3.3, is shown in 
Fig. 6-13 for T. = 2 sec as a trial guess. The 
adjustment of K, controls the degree of sta- 
bility of the closed-minor-loop response. If K, 
is made too large (e.g., greater than 50), the 
closed-minor-loop response will have a quad- 
ratic factor with a very low damping ratio, 
making it difficult to obtain a high-gain open- 
major-loop response. Anticipating this be- 
havior, a value of K, = 10 is not unreasonable. 
With K, = 10, the inequality of Eq. (6-27) is 
satisfied for the portions of the open-minor- 
loop asymptotes above the —10 dg line. When 
K..is set equal to 10, the 0-dg line for the open- 
minor-loop response G,(jw)H,(jw) is that 
shown dashed in Fig. 6-13. This line defines 
the frequency boundaries w, = 0.1 rad/sec and 
w, = 13 rad/sec. The closed-minor-loop re- 
sponse asymptotes can then be drawn with the 
aid of the approximations to |C(jw)/A (jo)! 
given in Eqs. (6-29) to (6-31). In the fre- 
quency range from w, to w = 1/T, there is a 
—20 dg/dec contribution to |1/H. (jw) | from 
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the factor s? whereas the (7.s +1) factor 
makes no contribution (i.e., it contributes 
0 dg/dec). In the range from w = 1/7, to a,, 
both factors contribute, the s? factor contrib- 
uting —20 dg/dec and the (7.s+1) factor 
+10 dg/dec. The closed-minor-loop asymp- 
totes are shown in Fig. 6-14. From an exam- 
ination of the resultant asymptotic curve, sev- 
eral points may be noted. The combination of 
the breaks at w, and 1/7, appears as a cascade 
lag-compensation effect which is a desirable 
open-major-loop-response property. In fur- 
ther trials, attempts may be made to broaden 
the —20 dg/dec slope region bounded by these 
breaks and to move the region to a higher fre- 
quency range. The break at w, is from a slope 
of —10 dg/dec to a slope of —30 dg/dec which 
is characteristic of a quadratic factor in the 
open-major-loop response. If this factor has a 
low damping ratio, high-gain stabilization of 
the major loop may be difficult. Thus, the first 
trial choices of T, and K, produce a set of open- 
major-loop asymptotes which appear reason- 
able; however the adequacy of the choices 
must be verified. 

At this point, the Nichols chart (Fig. 5-20) 
is used with a gain-phase plot of G,(jw)H.(jw) 
to determine the closed-minor-loop response 
C(jw)/A (jw) (see Par. 5-4 for the use of the 
Nichols chart with non-unity-feedback loops). 


As a result of the application of the gain- 
phase plane construction, the true magnitude 
curve of C(jw)/A(jw) is shown in Fig. 6-14 
can be obtained. The corresponding phase 
angle curve appears in Fig. 6-15. The shape 
of the true magnitude curve shows no severe 
resonance effects so that acceptable closed- 
loop performance may be expected. Using the 
45° phase-margin criterion to adjust the cas- 
cade compensation G,(s) = K, the magnitude- 
crossover frequency W,, — 8.6 rad/sec and the 
corresponding gain K = 40. Thus, the per- 
formance is quite good. (Compare the results 
of cascade compensation for this same system 
in Pars. 6-2 and 6-3.) The only drawback to 
the design is that the equivalent cascade lag 
effect is at a fairly low frequency. This would 
produce somewhat excessive peaking in the 
transient response of the system which would 
be followed by a long transient tail. Improve- 
ment in performance could be achieved by 
further trial, e.g., by decreasing the feedback 
compensation time constant 7’, and attempt- 
ing to increase the minor-loop gain K,. The 
resultant system would then have a more 
acceptable transient behavior, but the 
magnitude-crossover frequency w,,, and the 
major-loop gain K might be reduced. How- 
ever, only further trial-and-error analysis 
would show what actually occurs. 


a~ | Titi) 





Fig. 6-13 Open-minor-loop asymptote for feedback compensation procedure. 
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Fig. 6-14 Closed-minor-loop magnitude for feedback compensation procedure. 








Fig. 6-15 Closed-minor-loop phase angle for feedback compensation procedure. 
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6-5 ALTERNATIVE DESIGN METHODS“””)'°!%)») 


The primary advantage of design in the 
frequency domain is the rapidity with which 
the procedure can be carried out. The disad- 
vantage is the difficulty involved in visualiz- 
ing the time-domain behavior corresponding 
to a given frequency-domain design. In prac- 
tice, the relationship between frequency re- 
sponse and transient response is considered 
by many workers to be rather nebulous. Theo- 
retically, however, frequency-domain and 
time-domain descriptions are entirely equiv- 
alent, although the actual process of translat- 
ing from one description to the other may be 
quite laborious in spite of the fact that many 
approximations have been established to 
guide the designer in relating frequency re- 
sponse with transient response (see Par. 7-1). 
One very important stumbling block arises 
because most direct specifications of system 
performance are given in terms of the tran- 
sient response of the system to a step or ramp 
input. This type of specification is just as 
artificial as that given in terms of the re- 
sponse of a system to a sinusoidal input since 
the true inputs of most systems are neither 
steps, nor ramps, nor sinusoids. Nevertheless, 
it is the transient response of a system that 
is most frequently specified because this type 
of response is the easiest to visualize and the 
quickest to verify experimentally. 

In order to circumvent some of the concep- 
tual difficulties involved in frequency-domain 
design, methods of time-domain design have 
been advanced. Most of these methods utilize 
the open-loop and closed-loop pole-zero con- 
figurations of the system and thus involve 
features of both the time and frequency do- 
mains. The facility with which these methods 
can be used depends almost exclusively on the 
feature of having an analytical description of 
the open-loop pole-zero configuration as a 
starting point. Thus, the methods require 
that any experimental test data be approxi- 
mated by analytical functions. This require- 
ment does not apply to the frequency-domain 
methods that receive major emphasis in Ch. 
5 and Pars. 6-2 through 6-4. In addition, the 


graphical procedures discussed in Pars. 3-6 
and 7-1 enable the designer to work entirely 
with experimental data, going back and forth 
between time and frequency domains without 
ever having to deal with analytical descrip- 
tions. Since the time-domain synthesis meth- 
ods usually end up with a closed-loop pole- 
zero configuration, additional labor is neces- 
sary to extract the actual plots of transient 
response and frequency response in order to 
verify whether performance specifications 
have been met. On the other hand, in a 
frequency-domain design, the only additional 
labor involved is that of determining the tran- 
sient response (usually by the methods of 
Par. 3-6), the frequency response being di- 
rectly available at the end of the design pro- 
cedure. Thus far, the time-domain procedures 
that have been developed are most successful 
for analysis but are quite time-consuming 
and laborious for synthesis. Actually, most of 
the current time-domain “synthesis” proce- 
dures merely involve ordered trial-and-error 
analysis. A few of the time-domain methods 
are described here. 


Evan’s root-locus method *”) can be used 
for the design of compensation functions by 
postulating a series of trial forms of the pro- 
posed compensation functions and plotting 
the root locus for each form (see Pars. 4-4 
and 5-7 for the technique of root-locus con- 
struction and the nature of the degree-of- 
stability criterion). On adjusting the gain to 
satisfy the degree-of-stability criterion with 
a specified damping ratio ¢ for the dominant 
pole pair, each trial root locus will produce 
a specific closed-loop pole-zero configuration. 
Then by direct inspection of these configura- 
tions or by plots of the actual transient re- 
sponses (through partial-fraction expansion 
and inverse Laplace transformation), the best 
compensation form may be selected. 

Yeh" has proposed an extension of Evan’s 
method which involves plotting contours of 
closed-loop pole location for a series of fixed- 
gain values as some parameter of the compen- 
sation function is varied. These plots are called 
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gain contours. In addition, for fixed values of 
the compensation-function parameter, con- 
tours of closed-loop pole location are plotted 
as the gain is varied. These plots are called 
root contours. By examining the gain and 
root contours, the best combination of the 
compensation-function parameter and the 
gain can be selected. 


Truxal™ has developed a pure synthesis 
procedure based on the desired closed-loop 
pole-zero configuration (see Par. 7-1). It is 
assumed that this configuration is character- 
ized by: (1) one pair of conjugate-complex 
dominant poles, (2) one or more dipoles (a 
pole and zero very close together on the nega- 
tive real axis), (3) poles on the negative real 
axis that are far removed from the dominant 
pole pairs, and (4) one or more finite zeros"). 
This closed-loop ‘pole-zero configuration will 
be produced by an open-loop function [C(s) / 
E'(s) for a unity feedback system] which has 
all its poles on the negative real axis. If the 
closed-loop function 








where P(s), N(s), and Q(s) are polynomials 
in s. 


The synthesis procedure is then a method for 
determining the zeros of Eq. (6-38) since 
these are the poles of C(s)/E(s). Since all 
the poles of C(s)/E(s) lie on the negative 
real axis, if the polynomials N(s) and P(s) 
are plotted on the same coordinate system for 
Ss = — o where o is a real variable, then the 
intersections of the two curves give the poles 
of C(s)/E(s). The zeros of C(s)/E(s) are 
the same as the zeros of C(s)/R(s). Knowing 
the transfer function of the fixed elements 
G,(s), the compensation can be determined 
from the following equation: 


G.(s) = 1 a7 
G;(s) LE(s) 


The cancellation of the function G,(s) by the 
compensation G,(s) should be avoided as 
much as possible by having some of the poles 
of G,(s) occur in the open-loop function 
C(s)/E(s). This can be accomplished by 








(6-39) 


C(s)  P(s) (6-36) altering slightly the specified form of the 
R(s) N(s) closed-loop response C'(s)/R(s) since the 
and tov aunity-tesdbacicaysion performance specifications are rarely rigid. 
: : , Changes in the parameters of the fixed ele- 
C(s) P(s) (6-37) ments G,(s) will negate the cancellation 
E(s) Q(s) : called for by Eq. (6-39). Actually, exact can- 
then cellation is not necessary since small parame- 
ter variations will not alter the closed-loop 

Q(s) =N(s) — P(s) (6-38) response appreciably. 

6-6 TYPICAL COMPENSATION NETWORKS 25614151617.1819.2021) 


6-6.1 D-C ELECTRIC 
The most common d-c networks are the lag 


network and the lead network shown in Fig. 
6-16. 


The lag-network transfer function is 





E.(s)  Ts+1 (6-40) 
E;(s) 7 al's + 1 
where 
T = R.C, and (6-41) 
R, 
=] + — 6-42 
a + R, ( ) 


The lead network transfer function is 





E,(s) 1 als + 1 
= 6-43 
E';(s) a Ts+1 ( ) 
where 
T ( fiks C, and (6-44) 
Rk,+ Rk, 
R, 
=1l14 — 6-45 
a +- R, ( ) 


6-16 


COMPENSATION TECHNIQUES 





Chestnut and Mayer) present a series of 
charts of d-c networks containing only resis- 
tances and capacitances. These charts cover 
most of the desirable frequency-response 
characteristics that are called for in compen- 
sation of feedback control systems. 


6-6.2 A-C ELECTRIC(2. 5. 6, 14, 15, 16, 17, 18, 19, 20) 

In many control system applications, the 
signals are suppressed-carrier modulated, 
and the control information modulates a con- 
stant-amplitude carrier signal (in practice, 
60 or 400 cps). For example, the form of volt- 
age corresponding to the actuating signal 
may be as follows: 


V(t) =e(t) cos wt 


where e(t) is the true data signal, and w, is 
the carrier frequency. Networks which are 
designed to operate on the data of carrier- 
modulated signals are called a-c or carrier- 
frequency networks. If it is necessary to com- 
pensate a system employing carrier-modu- 
lated signals a-c networks are required since 
d-c networks will not work because they effec- 
tively operate on zero-frequency-carrier sig- 
nals. 


There are two questions involved in treating 
the compensation of carrier-modulated sig- 
nals: 


(1) Analysis: Given a network which 
operates on a carrier-modulated signal, what 
is the data-frequency (d-c) equivalent net- 
work? 


(2) Synthesis: Given a desired data-fre- 
quency (d-c) network, what is the equivalent 
carrier-frequency network? 

If H(jw) is the frequency response of a 
carrier network, the frequency response of the 
data-frequency equivalent is given by 


H (jus) =—\/A? + BPO (6-46) 
where 

A =|H,|cos (2 H,) + |H-| cos(.2 H-) 
(6-47) 

B= -— |H,|sin(2H,) +|H_|sin (2 H-) 
(6-48) 

pues tan (6-49) 

H, 4 H [j(a + wa) J (6-50) 

H_. 4 H [7(a — w<) ] (6-51) 


@, = carrier frequency 


Wa — data frequency 


H(jwz) = frequency response of equiva- 
lent data-frequency network. 


There is no unique answer to the synthesis 
problem, but a convenient answer is given by 
the “low-pass to band-pass” transformation. 
If it is assumed that the magnitude of the 
carrier-frequency equivalent of a data-fre- 
quency network has even symmetry about the 





A. LAG NETWORK 


B. LEAD NETWORK 


Fig. 6-16 D-C compensation networks. 
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carrier frequency w, and that the phase angle 
has odd symmetry about w,, i.e., 


| «| = |H-| 
LAA 4, —_—=- ZH, 


(6-52) 
(6-53) 


then the carrier-frequency equivalent to a 
given data-frequency network is 


H (jw) = H[7(w — @,) J 


Unfortunately, an exact solution of Eq. 
(6-54) leads to the conclusion that if the data- 
frequency network H is physically realizable, 
the carrier-frequency network Z is not. How- 
ever, an approximation to the low-pass to 
band-pass transformation is possible which 
does lead to physically realizable networks. If 
the data frequencies w, are small compared to 
the carrier frequency w,, then 


(6-54) 


» 
Wy 


j(w — w) = Jj = fie (6-55) 


27 

As an example, suppose that the frequency 
response of a data-frequency network is given 
by 


- T'1J@a + 1 
H (jo.) = ———_— 
(jwu) Tsjog + 1 


The carrier-frequency equivalent can be found 
by using Eqs. (6-54) and (6-55). Thus 


(6-56) 


DATA-FREQUENCY ELEMENT 


oO {NWN re) Zejogl 
Cc 

o—-—_—_{ + —_——o Y =jayC 
R 

—“/V\/\ — 


T. | 3 oe] +1 
270) 





H (jw) = = - (6-57) 
Tg Og 
d E 9 + eal + 


There are several ways to realize a carrier- 
frequency network which is approximately 
equivalent to a given data-frequency network. 
The resistance-inductance-capacitance reali- 
zation starts with the actual data-frequency 
circuit and replaces the data-frequency cir- 
cuit elements by their approximate carrier- 
frequency equivalents as shown in Fig. 6-17. 
Because of the practical difficulty of realizing 
parallel inductance-capacitance combinations 
in the carrier-frequency network, the usual 
procedure is to realize the data-frequency 
transfer function by means of a resistance- 
inductance circuit. Then the carrier equiva- 
lent will contain only series inductance-capac- 
itance combinations. 


Because lag networks are usually inserted 
at very low data frequencies, their carrier 
equivalents are required to be very sharply 
tuned to the carrier frequency. That is, the 
carrier equivalent network must be a high-Q 
circuit. Unfortunately, such high-Q circuits 
are impractical for servo carrier frequencies 
(60 and 400 cps) and are very sensitive to 


CARRIER-FREQUENCY EQUIVALENT 
L C 2 


2 ein 
ow | | —O 


Fig. 6-17 Equivalent circuit elements for carrier-frequency networks. 
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carrier frequency drift. To get around these C Cc 

limitations when lag compensation is desired 

for a carrier-modulated system, the usual +4 . o + 
procedure is to demodulate the signal, com- 

pensate it with a d-c lag network, and then 

remodulate. 


The realization of carrier-frequency lead 
networks is not as difficult as the realization 
of lag networks since they operate at rela- 
tively high data frequencies and therefore do , . 
not require excessively high-Q circuits. How- 
ever, carrier lead networks are also sensitive 


2c E, 


nl 


to carrier drift, although some attempts have Fig. 6-18 Parallel-T notch filter. 

been made to counteract this effect.1518 If 

the carrier drift is large (more than 5%), The major difficulty in using resistance- 
then the scheme of demodulation, compensa- C©#Pacitance notch filters is that they must be 
tion, and remodulation should be considered, tuned by successive adjustments of several 


An effective alternative to this scheme utilizes Circuit elements; otherwise, high-precision 
feedback compensation with a tachometer. elements must be used. 


An examination of the magnitude re- 6-6.3 MECHANICAL DAMPER 
sponses of carrier networks shows that they : ; 
fall into the class of filters called “notch” A widely used mechanism having the action 
filters. Methods for realizing notch filters a rigee ieee network = Races cette 
with resistance-capacitance rather than re- santas s hin . pare e ee 
sistance-inductance-capacitance networks are “ UC7 1S Connected directly to the servomotor 
discussed in Refs. (2,5,14). A typical resist- shaft, consists of = oa cylindrical metal 
ance-capacitance notch filter is shown in Fig, Sell, @ heavy cylindrical metal slug, and a 


6-18. The frequency response of this carrier damping ils 7 ae neglects mover damp- 
ior ing, the block diagram of the inertia damper 
network is given by 


and servomotor is that shown in Fig. 6-20. In 





em cot this figure, 
——_+ (6-58) a= 14+ ——*— (6-62) 
2 
(Gj) +4 (G2) 41 ne a 
oe me = tor torque 
where m = MO q 
1 T;,, = load torque 
Vo RC (6-59) 6m = motor shaft position 
Th ee ree eer J. = motor moment of inertia and reflected 
. e approximate data-frequency equivalen load marta 
J, = shell moment of inertia 
H (jog) = ——22t_ (6-60) Ja = slug moment of inertia 
J@ua + 20, 


B = fluid damping 
Thus, as far as data frequencies are con- 
cerned, the symmetrical parallel —T notch _ 
filter behaves as a differentiator for data fre- (1) simplicity 
quencies up to approximately 0.20,. (2) no steady power loss 


The advantages of the inertia damper are: 
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Fig. 6-19 Inertia damper. 
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Fig. 6-20 Block diagram of inertia damper 
(motor damping negligible). 
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The disadvantages are: 


(1) damper must be designed and built 
for each specific application. 


(2) peak acceleration of the damper-motor 
combination is reduced relative to that of the 
motor alone because of the added apparent 
inertia produced at the motor shaft by the 
damper mechanism. 


6-6.4 HYDRAULIC AMPLIFIER (See Par.13-6) 


A fairly common means for obtaining lag- 
network action in a hydraulic amplifier is 
shown in Fig. 6-21. In this figure, 


Xi = input displacement of pilot valve 

Zs — output motion of power piston 

oe — feedback motion of follow-up 
sleeve 

B = damping of fluid dashpot 

K,, K2= spring constants 

a,b =lever arms 









ALY 


POWER 
PISTON 


Fig. 6-21 Hydro-mechanical compensation network. 
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If the gain of the hydraulic amplifier is very 
high (greater than 10), the transfer func- 
tion of the system is 


Xo(S) _ oO = 1+ 7's Z 

aa ed ae 
where 

: K, 
= —_- 6-64 

° 1+ K, ( ) 
an 

T = B/(K.+ Ky) (6-65) 


6-6.5 PNEUMATIC CONTROLLER!) 
(See Par. 13-7.) 
The general schematic of a typical pneu- 
matic controller is shown in Fig. 6-22. In this 
figure, 


yr = motion of set point (reference input) 
c =motion of pen (controlled variable or 
output) 
DIFFERENTIAL | ° PROPORTIONING | *! 
LINKAGE LINKAGE 
Cc 
Xb 


e = actuating signal 

x, = flapper motion 

P, = nozzle back pressure 

P, =pilot relay output pressure (to dia- 
phragm valve or similar load) 

Xj» = feedback motion. 


If the nozzle-flapper amplifier and the pilot 
relay are assumed ideal, the block diagram of 
the controller is as shown in Fig. 6-23, where 


K, = ratio of proportioning linkage 
(0 < K, <1) 
kn, = nozzle-flapper gain 
k,, — pilot relay gain 
Simple proportional action (pure gain) is 
possible if the feedback function is achieved 
by means of a spring-loaded bellows as shown 


in Fig. 6-24. If the ratio of feedback motion 
x,y to pilot-relay output pressure P, is denoted 


P, Pp 
NOZZLE PILOT ‘ 
FLAPPER RELAY 


PNEUMATIC ae 
FEEDBACK 
NETWORK 


Fig. 6-22 Schematic diagram of a pneumatic controller. 


Adapted by permission from Instruments, Volume 26, No. 6, 
June, 1953, from article entitled ‘Dynamic Behavior of Pneumatic 


Devices’, by L. A. Gould and P. E. Smith, Jr. 









FEEDBACK 
FUNCTION 









Fig. 6-23 Controller block diagram. 


Adapted by permission from Instruments, Volume 26, No. 6, 
June, 1953, from article entitled ‘Dynamic Behavior of Pneumatic 
) Devices’, by L. A. Gould and P. E. Smith, Jr. 
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by Ky, the transfer function of the propor- 
tional controller is given by 
P,(s) peas (1 ae K 1) Knykpy 
e(s) 1 + K Kypoknjkpy 
If the product K,K,,k,,k,,is very high (greater 
than 10), the proportional controller has the 
approximate response 
Po(s) _ (1— Ki) 
e(s) K Ky 
A lag-compensation effect (proportional- 
plus-integral) can be achieved if the feed- 


e 
sg FLAPPER 


NOZZLE P 


(6-66) 


(6-67) 
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back function of Fig. 6-22 is obtained by 
means of the arrangement of Fig. 6-25. The 
feedback function in this case is given by 


Ei) ii (> (6-68) 
P,(Ss) Trs+1 

where 
Tr A RrCr 


Rr = integral resistance 
Cr = capacitance of tank 
Kj, = sensitivity of proportional bellows 


Z, 
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Fig. 6-24 Schematic diagram of a proportional controller. 


Adapted by permission from Instruments, Volume 26, No. 6, 
June, 1953, from article entitled ‘Dynamic Behavior of Pneumatic 
Devices’, by L. A. Gould and P. E. Smith, Jr. 
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Fig. 6-25 Schematic diagram of a proportional plus integral controller. 


Adapted by permission from Instruments, Volume 26, No. 6, 
June, 1953, from article entitled ‘Dynamic Behavior of Pneumatic 
Devices’, by L. A. Gould and P. E. Smith, Jr. 
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The transfer function of the controller then 
becomes 


PolS) = (1 — Ki) bask (— B+) 
e(s) art rs + 1 
(6-69) 
where 
ay = 1 + Ky kysky-K po (6-70) 


If the product K,k,,k,,Ky;) is very high 
(greater than 50), the response of the pro- 
portional-plus-integral controller is approxi- 
mately 


P,(s)_ (1— Ky) ( 





i+ =) (6-71) 


e(s) 7 K, Ky T ps 
The form of the right side of this equation 
explains the name — ‘‘proportional-plus- 


integral’ controller. 


A lead-compensation effect (proportional- 
plus-derivative) can be achieved if the feed- 
back function of Fig. 6-22 is obtained by 
means of the arrangement of Fig. 6-26. The 
feedback function in this case is given by 


| ' 


AIR 
SUPPLY 





Ta 
Xp (8) _K ( b a 3 (6-72) 
Ps) | \ Tus+1 
where 
T, ARC: (6-73) 
b 414 Ae (6-74) 


Dp 
Ra = derivative resistance 


Cz = capacitance of tank 

A, = area of derivative bellows 

A, = area of proportional bellows 

Ky,» = sensitivity of proportional bellows 
The transfer function of this controller is 


P,(s) ot (1 es K;) kapkpr Tus + 1 
e(s) 7” 1 + Ky kak pr K yp (7 


—s+l 
Qa 
(6-75) 
where 
ones 1+ KykakpKyp 
aca (6-76) 


1+ = (Ki knsky-K yo) 


LOADING 


A — PROPORTIONING 
SPRING BELLOWS 


B — DERIVATIVE 
BELLOWS 

C - RELAY 

D — RESTRICTION 

E — VARIABLE 
DERIVATIVE 
RESISTANCE 


f CAPACITY 
TANK 


OUTPUT, P|” 


Fig. 6-26 Schematic diagram of proportional plus derivative controller. 


Adapted by permission from Instruments, Volume 26, No. 6, 
June, 1953, from article entitled ‘Dynamic Behavior of Pneumatic 
Devices’, by L. A. Gould and P. E. Smith, Jr. 
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If the product = (Kikakp-Ky) is very high 


(greater than 10), the response of the 
proportional-plus-derivative controller is ap- 
proximately 


Po(s) (1—K,) sTis+1 
e(s) a K, Ky (7. s + " (6-77) 
b 


If the ratio of the areas (A,/A,) is very high 


(greater than 50), then 0 >> 1, and the re- 
sponse is given approximately by 


P,(s) aly (1 oo K,) 
ay” «CORRS 


(6-78) 
The form of the right side of this equation 
explains the term — “‘proportional-plus- 
derivative’”’ controller. 
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CHAPTER 7 


PERFORMANCE EVALUATION* 


7-1 RELATIONS BETWEEN FREQUENCY RESPONSE 
AND TRANSIENT RESPONSE 


7-1.1 GENERAL 


As stated in Par. 6-5, the relationship 
between transient response and frequency re- 
sponse is somewhat tenuous. Consequently, it 
is often necessary to have explicit knowledge 
of the response in both the time and fre- 
quency domains. This section presents some 
of the important approximations that enable 
the designer to translate between the time- 
and frequency-domain descriptions of per- 
formance. By the use of these approxima- 
tions, a quick evaluation of performance can 
be made. 


7-1.2 CLOSED-LOOP FREQUENCY RESPONSE 
FROM CLOSED-LOOP TRANSIENT 
RESPONSE 


If the closed-loop transient response of a 
system is known from experimental test data, 
there are several methods (2!.22.27,28.29,30) ayvail- 
able for determining the frequency response. 


If the step response of the system is non- 
oscillatory (i.e., has no overshoot), the tran- 
sient component of the response can be ob- 
tained by subtracting the step response from 
the final value of the output, i.e., 


c,(t) =c(o) — c(t) (7-1) 


where c(c) is the final value of the output, 
c(t) is the step response, and c,(t) is the 
transient component of the response. The 
logarithm of c;(t) is plotted against time on 
semi-log paper. If the response is dominated 
by an exponential component, the resultant 
curve plotted on semi-log paper eventually 


*By L. A. Gould 
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approaches a straight line whose slope cor- 
responds to the magnitude of the dominant 
time constant. That is, if the dominant tran- 
sient component is 


1, (t) = Aew/?, (7-2) 
then 
log. ¢;,(t) = log, A-t/T (7-3) 


An extrapolation of the straight-line asymp- 
tote of log, c,,(t) back to zero time yields the 
logarithm of the amplitude A of the dominant 
transient component. Thus, the dominant 
transient component is completely determined 
and can be subtracted from c,(t). A plot of the 
logarithm of the difference [c,(t) — c;,,(t)] 
versus time ¢ produces a curve which ap- 
proaches a straight-line asymptote whose 
slope corresponds to the time constant of the 
exponential component having the next small- 
er time constant. Extrapolating this curve 
back to zero time yields the logarithm of the 
amplitude of the secondary component, ¢,, (¢). 
Next, the function [c,(t) — ¢,(¢) — ¢,(¢)] 
is determined, and the process can be re- 
peated until the limit of measurement accu- 
racy is reached. 


Thal-Larsen (2!) gives a method for deter- 
mining approximate transfer functions based 
on the approximation of a nonoscillatory step 
response by the transfer function 


C(s) 


W(s) = R(s) 


(7-4) 


e-t oo 


(s+1) (Tos +1) (T3s+1) 











THEORY 


where T, and 7’; are dimensionless time con- 
stants and ft, is the dead time. 


By choosing the 10%, 40%, and 80% times 
in the step responses of this system for the 
various combinations of its parameters, a 
set of dimensionless curves have been con- 
structed. In using the curves (Figs. 7-1 
through 7-5), the three points correspond- 
ing to the 10%, 40%, and 80% response 
levels of the measured response are deter- 
mined, and the times corresponding to these 
points are designated ¢,, ¢t., and ts, respec- 
tively. The values of the dimensionless ratio 
(t; — t,)/(te — t,) and the time (¢; — ¢,) to- 
gether with curves of Figs. 7-4 and 7-5 will 
enable the designer to determine a set of 
roots that corresponds to a transient passing 
through the three selected points. If a dead 
time.ty is present, the ratio (¢; — t,) /(ts — ty) 
will enable the designer to select roots that 
reproduce the first 10% of the transient. 
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Fig. 7-1 Normalized curves yielding time for 
10-percent transient response corresponding to 
combinations of various time constants 


By permission from Transactions of the AIEE, Volume 74 Part IT, 
1955, from article entitled ‘Frequency Response from Experi 
mental Nonoscillatory Transient-Response Data’, by H. Thal- 
Larsen. 


Example. Let 


t, = 0.97 sec 

to — 2.14 sec 

tz; — 4.47 sec 
Then, 

7 — 3.00 


(a) Entering Fig. 7-4 at this value (i.e., 
3.00), several curves are crossed allowing the 
choice of various combinations of the dimen- 
sionless or relative time constant 7. Choosing 
three of these combinations: 
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Fig. 7-2 Normalized curves yielding time for 
40-percent transient response corresponding to 
combinations of various time constants. 


By permission from Transactions of the AIEE, Volume 74, Part 
II, 1955, from article entitled ‘Frequency Response from Experi- 
mental Nonoscillatory Transient-Response Data’, by H. Thal- 
Larsen. 
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(1) Curve 1—T—T: 1, 0.275, 0.275 
(2) Curve 1—0.4—T: 1, 0.4, 0.135 
(3) Curve 1—T: 1, 0.520 


(b) Entering Fig. 7-2 with the dimension- 
less time constants found above, the dimen- 
sionless time (t; — t,)/t, is determined: 
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Fig. 7-3 Normalized curves yielding time for 
80-percent transient response corresponding to 
combinations of various time constants. 


By permission from Transactions of the AIEE, Volume 74, Part 
II, 1955, from article entitled ‘Frequency Response from Experi- 
mental Nonoscillatory Transient-Response Data’, by H. Thal- 
Larsen. 
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EVALUATION 


(1) Curve 1—T7T—T for T = 0.275: 
1.755 
(2) Curve 1—0.4—T7 for T= 0.135: 
1.790 
(3) Curve 1—T for T = 0.520: 1.890 
(c) The time (tf; —¢,) from the actual 
transient divided by the dimensionless time 
(ts — t,) /t, yields the conversion factor t, by 
which the relative time constants found in 
the first step must be multiplied to obtain the 
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DIMENSIONLESS TIME CONSTANT T 
Fig. 7-4 Normalized curves yielding time-interval 
ratios of the transient response corresponding to 
combinations of various time constants. 


By permission from Transactions of the AIEE, Volume 74, Part 
II, 1955, from article entitled. ‘Frequency Response from Experi- 
mental Nonoscillatory Transient-Response Data’, by H. Thal- 
Larsen. 
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actual time constants. Note that Eq. (7-4) (d) To check for the necessity of a dead- 
represents a normalized transfer function time factor, enter Fig. 7-5 with the dimen- 
with dimensionless time constants 1, 7, and sionless time constants 7 from the second 
T,;. The time constants for the original func- step to determine f2/1;. 

tion before normalization are 1,72, and _ 

t,/'3. For the example (t3; — t,) = 3.50 sec, Cy CUNe bP at TORE Oto: 


the three combinations which fit the original 1.075 

curve are: (2) Curve 1 — 0.4 — T for T = 0.135; 
(1) Ty = 1.995 sec, caw ae = TL 4 — 0.549 sec 1.055 
(2) t, = 1.955 sec; 1,7. = 0.782 sec; (3) Curve 1 — T for T = 0.520; 1.018 


1173 — 0.264 sec 
(e) The conversion factor 1, found in the 
(3) t) = 1.850 sec; 117’, = 0.963 sec; third step, together with the results of the 
ul; =0 fourth step, permit the calculation of the 
actual time ¢, if no dead time is present. Thus, 
for the three combinations considered, there 
results 


(1) t, = 2.142 sec 
(2) t. = 2.060 sec 
(3) t. = 1.885 sec 


(f) The times found in the fifth step when 
subtracted from the measured time f, yield 
the dead time t). The actual measured time 
t. = 2.14 sec. Therefore, 


(1) t} =2.14 — 2.142 —0 
(2) t), = 2.14 — 2.060 = 0.080 sec 


TIME FOR 40% RESPONSE, t,/T, 


(3) t = 2.14 — 1.885 = 0.255 sec 


(g) By substituting the appropriate values 
from steps (c) and (f) into Eq. (7-4), we 
find that the three transfer functions which 
approximate the response in the 10% to 80% 
interval are 


1 


(DW) = e955 41) (0.5498 p1)= 





DIMENSIONLESS TIME CONSTANT T (2) W(s) = 
a e-0.0808 


Fig. 7-5 Normalized curves yielding the time (1.955s+1) (0.782s+1) (0.264s+-1) 


interval between 10- and 80-percent response of e-0.255s 
: rene eee 3) W(s) = —————______—_ 
the transient corresponding to combinations o (3) (s) (1.850s+1) (0.963s--1) 


various time constants. 


Chestnut and Mayer(2?) give graphical 


» ission f T tions of the AIEF, Volume 74, Part aie: 
I. 1985, pees erick erducil'Preaueney Response from Experi- methods that are useful for determining fre- 


mental Nonoscillatory Transient-Response Data’, by H. Thal- quency response from transient response in 


Larsen. 
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any case (oscillatory or nonoscillatory). To 
find the frequency response associated with 
the step response of a system, the time axis 
of the response is divided into equal intervals. 
Then a “staircase” approximation (see Fig. 
7-6) is made to the step response with each 
step occurring at the middle of a given time 
interval. If t, is the middle of the nth time 
interval and AC, is the change in the re- 
sponse occurring at ¢,, then the frequency 
response is given by 
W(jo) = > AC, e-%t, (7-5) 
This equation can be evaluated graphically 
at each frequency by a ‘“‘vector’’ summation. 


To find the frequency response correspond- 
ing to the impulse response of a system (the 
impulse being approximated experimentally 
by a short finite pulse), the time scale of the 


{ ——e 


Fig. 


Fig. 7-7 Rectangular approximation to impulse 
response. 





impulse response is divided into equal inter- 
vals. Then a rectangular-pulse approxima- 
tion-is made to the impulse response (Fig. 
7-7). If ¢, is the center of the nth time inter- 
val, c, — the value of the impulse response at 
t,, and At — the length of the time interval, 
then the frequency response is given by 
W (jw) = 2 c, Aten (7-6) 
This equation can be evaluated graphically at 
each frequency by a “vector’’ summation. 


Seamans et al. (28.29) use a triangular meth- 
od to approximate a given time function 
c(t). This is equivalent to approximating 
the time function by straight-line segments 
and then decomposing the straight-line ap- 
proximation into a series of isosceles triangles 
(Fig. 7-8). Once the transform of a single 
triangular pulse is known, the frequency func- 
tion C(jw) corresponding to c(t) is found 
from 


. wAt 72 
sin —— a 
C (jw) = e-F"e Atl > Byeies' | 
wAt n=1 
2 


(7-7) 


where t, represents the time at the start of 
the first pulse, At—the time interval be- 
tween pulses, and FE’, — the amplitude of the 
nth pulse. 


Guillemin®®.*) suggests that the time func- 
tion be approximated by a sequence of rational 
polynomials in ¢ (straight lines, parabolas, 


c(t) —o> 


Fi 


= 


g. 7-8 Triangular approximation to time function. 
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cubics, etc.). The approximate function c* (¢) 
is differentiated enough times (n times) to 





a sequence of impulses. Actually, 


the original function may be differentiated 
before approximating by polynomials so that 
lower-order polynomials can be used. The 
final impulse function is then transformed, 
yielding 

Q,e7Fots 

(jw)” 

where a, is the magnitude of the kth impulse, 
t, — the time of occurrence of the kth impulse, 
and n — the total number of times the orig- 
inal function has been differentiated. 

If rational approximations are sought for 
an experimentally derived frequency function 
W (jw), advantage can be taken of the fact 
that the plot of 10 logiy | W(jw)| vs logw is 
easily representable by straight-line asymp- 
totes having slopes of + 10n dg/dec (n = 0, 
1,2,...). By combining the straight-line ap- 
proximation of the magnitude function with 
the first- and second-order response curves 
given in Par. 5-3 (Figs. 5-7 through 5-10), 
curve fitting 1s possible. The easiest proce- 
dure is to use the magnitude curves to get a 
rough approximation and then to refine the 
approximation with the phase curves. 


C(jo) => (7-8) 


kK=1 


—At +At ft 


Fig. 7-9 Triangle function. 


Linvi]]“5.28) has proposed a method for im- 
proving the foregoing approximation proce- 
dure. In this method, an investigation is made 
of the effect of varying the position of the 
approximate poles and zeros on the difference 
between the actual function and the first ap- 
proximation obtained from fitting the asymp- 
totes and their corresponding correction 
curves. For example, if 


F(w) = 10 logio |G (jo) (7-9) 
and 
G(s) = _S* — 2018 + 61? + wr? (7-10) 


3° — 2028 + 6.” aa W..” 


then the change in F'(w) resulting from small 
changes of the poles (+ o2 + jw.) and the 
zeros (+ o; + jw,) is given by 





AF (w) = OF ho; foe 
Oj OW, 
iy OE Nis (7-11) 
OW: 


The steps in the approximation procedure 
are as follows: 


(a) A plot is made of the difference be- 
tween the actual F'(w) and the first approxi- 
mation in a frequency region where the first 
approximation is to be improved by changing 
the position of approximate poles and/or zeros 
which occur in this region. 


(b) The variation of the pertinent partial 
derivatives of F'(w) with frequency w is de- 
termined in the vicinity of the approximate 
poles and/or zeros. 


(c) The pertinent partial-derivative curves 
are used to approximate AF'(w) in the fre- 
quency region of interest. From this approxi- 
mation, the necessary changes in the positions 
of the approximate poles and/or zeros are 
determined. 


The curves of Figs. 7-10A through 7-10N 
can be used to evaluate the necessary partial- 
derivative curves. Note that the phase correc- 
tions can be determined by using the same 
procedure. 
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Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 1 of 10) 





“The Selection of Network Functions to Approximate 


Prescribed Frequency Characteristics’, by J. G. Linvill, Research 


Laboratory of Electronics, Technical Report No. 145, March 14, 
1950, Massachusetts Institute of Technology. 
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Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 2 of 10) 
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Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 3 of 10) 


7-9 





THEORY 

















SPR a RRS ERRAREREEERE eft tt tt tT tt 
BREE oe a Ss ed 
RRSeSMR REAR 
TERE R AAR ERR | 
pee eee ee eae eRe | Rate eee es, 
SRR ERR || UR 
Raa RES RSEREAENS |li, 
a ee 
Ree |l\ GRR 


Oe eee 
ee | RNS 
PPP OSE 
PPP YT rr rrr rr rr rr avo SEE 
SES SRSSSSe) 25622 — oeeee—2 
PT errr terre TT TT PP 
RS As 
CEE EC CCE ESSER SESE CEE EEE 
NSA fies lie, 
AEE OSS 








20 
-60 


3 ls” 


F. DEPENDENCE OF GAIN ON IMAGINARY PART OF ZERO (OR POLE) 


; , 2 
F. = 20L0G (jw)? - 20, (jw) + o.7+ w,*) 


s procedure. (Sheet 4 of 10) 


Fig. 7-10 Partial derivatives for Linvill’ 





i) 
< 
N 








Zz 

O 

x m 
> oO 
aud 

S 

tu C 
LLJ 

U Re 

Zz BERR 
3 Seana ° 
[a 

O FCCC RCE - 
Pi tT TTT TAT TTT ye 
LL 

A. 

: =< = 3 - 2 
“00 bcs 
(saayoaa) 15 
ame 


3 |e 


G. DEPENDENCE OF PHASE ON REAL ZERO (OR POLE) 


G, = (Jw-9,) 








TTT TTT TTT TTT TT a le 
PT TTT TTT Tt ET ET 


FEE EEE EEE EEE EE EEE o 
PT TTT TT TA 
BRR ERERE EERE. 


Bheeeee eee eee o 
© ¢ ‘o) © N ® ¢ o 





($33493q) 15 bay 0 


H. DEPENDENCE OF PHASE ON REAL ZERO (OR POLE) 


G, = (jw -o,) 





Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 5 of 10) 


7-11 





THEORY 








See? BARRA ES 
En Rees 
Ee) Meee 

BEY | RRR 
CAM 
| AA TE tT TT tT TE ET ET 
Yyiiie | | | | | tt | Tt tT 
At eT | tt | Tt | TT I, 














"00 
*9 Say 0 





*~ 


($33493q) » 


2.0 


c 
|. DEPENDENCE OF PHASE ON REAL PARTOF ZERO (OR POLE) 


2: 2 
0. + w,4) 


20, (jw) + 


G. = [(jo)? - 





Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 6 of 10) 


7-12 


* (DEGREES) 





0 Arg G 


a) 


“ (DEGREES) 





0 ArgG 


o, 


do, 


do, 


PERFORMANCE EVALUATION 


Z| 
Wg 


az | 
pt i A i\ }A YS 


aan 


BRINN 


J. DEPENDENCE a PHASE ON REAL PART a ee (OR POLE) 
ee) 


= (jo)? - 20, (jo) + 


VY iM YT 
ptt Ty ty 
ERE 





K. DEP ENDENCE OF PHASEON REAL PART OF ZERO (OR POLE) 
Go = MKjo)? - 20, (ju) # o2e «,?) 





Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 7 of 10) 


7-13 








THEORY 








CTT NCTEN ENA EETTETNCTET TT? 
SN | NUE INE EAT TAN TE TE TET EAT TT ET 
PRSALIN TN TRE TPA TT TT PEA TE EE 
west NE] INe | Nal | TNCs TT TaN TT TT 
TN IN NICE SITE SN ee ee 
be Se NESE SRR EERE 
RESPEC EEE 
IN 
errr ~ 
CECE eee SR SAN 


ek RN NR A ANY 
SURRERBREE (ATER SSSCS 
WS 

















Vy 


~ 

















CA 


is 
cl 
RN 
BIN 
MSS 












pale eet ee SSS) SRASCENTE CEO EEE 








FEE EEE EEE EEETEEEEEETSSSSSS ASE 
ERRANDS 
pPUt tT PTT PT PP ET PE ET PT Pe TT SSA AS AAT 
pe ee ee eee Re SSAA 
SERRE eee eeeeeAAANNNY 
SRR NIT 
oe ee oe Se Eee ea A a ea 
FLEITITiPitif tri titi tid i fifi yi itis. 


a 



















py eee 


(948930) 2) Buy 6 


SANNA * 


L. DEPENDENCE OF PHASE ON Sisciaey PART OF ZERO (OR POLE) 


Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 8 of 10) 





7-14 








PERFORMANCE EVALUATION 






ee) 
Te fh77 
PTT fy 
7) 
e/a 
Hitt} | fT Ty Wii Awa 
Pitt tT | | TTT ls a 
Pott | | | TO ATT" | I, 
27 
ee ee 
ine ee 


pie OCG) 


ditt t | | OSS SS AA A ts 
a SSS A 
SN ae 
ott tT TTT TRAASAAA AN 










6 






AL 






1000 


eet ee Es 
(s338930) TF Eiy rani 


Hitt i | tT US MA]; 


M, DEPENDENCE OF PHASE ON IMAGINARY PARTOF ZERO (OR POLE) 


02+ w,7] 


G, = [(Je)? - 20, (ja) + 


Fig. 7-10 Partial derivatives for Linvill’s procedure. (Sheet 9 of 10) 


7-15 


THEORY 


TCT TTS TAX IN\K NEE ZO. 
eens neo ae 


ices ne a 
SSE EEELE EE 
LITT ET) PPP eee eee 


(saguogaq) ,-72— *o- 
4 Bay 0 





N. DEPENDENCE OF PHASE ON IMAGINARY PART OF ZERO (OR POLE) 


G. = ((ju)? - 2. (jo) + 07 0,7) 





Fig. 7-10 Partial derivatives for Linvil’s procedure. (Sheet 10 of 10) 


7-16 


PERFORMANCE EVALUATION 


7-1.3 RELATIONS BETWEEN CLOSED-LOOP 
TRANSIENT RESPONSE AND CLOSED- 
LOOP POLE-ZERO CONFIGURATION 


It is desirable to be able to describe prop- 
erties of the transient response of a system 
when one is given the closed-loop pole-zero 
configuration and vice versa. Usually, the de- 
signer is given specifications for some form 
of the transient response of a system. As a re- 
sult, the conversion of the transient-response 
specifications to a desired closed-loop pole- 
zero configuration is a starting point in many 
design procedures [see Par. 6-5 and refer- 
ences (.5,6,19,20,28)]__ Since the usual assumption 
in these design procedures is that the closed- 
loop performance of the system is primarily 
controlled by a dominant pair of complex 
poles (dominant quadratic factor in the de- 
nominator), only the characteristics of an 
underdamped second-order system are pre- 
sented here. 


If the system being examined is a unity- 
feedback system with a pair of complex- 
conjugate poles and no closed-loop zeros, the 
closed-loop transfer function relating output 
to input is 


AC) es ee 
s? +. 2Tw,8 + W,? 
The error-to-input transfer function is 
E(s) _ __8(8 + on) (7-18) 
R(s) s? + 20,8 + wr,” 
The open-loop transfer function is 
C(s) _ Wn” 
E(s) (ss + 2Cwn) 


In these equations, 


(7-12) 


G(s) = (7-14) 





W, — natural frequency 
and 
¢ = damping ratio. 


The magnitude and phase of the closed-loop 
frequency response W(jw) are the second- 
order quadratic factor curves presented in 
Par. 5-3. The velocity constant K, of the sys- 
tem is 
On 
Ke= ot (7-15) 





The first three error coefficients are 








eo — 0 (7-16) 
1 
ee, = K, (7-17) 
__ Are 
€2 = - (7-18) 
Wn 


The error response curves for a unit-ramp 
input are given in Fig. 7-11. Note the steady- 
state error for a unit-ramp input to this sys- 
tem is given by 
26 1 


Css — 
Wn K, 


The error response curves for a unit-step 
input are given in Fig. 7-12. The output re- 
sponse can be obtained from these curves by 
subtracting them from unity. The solution 
time or settling time t, of the step response is 
the time for the output to reach 98% of its 
final value or for the error to fall to 2% of its 
initial value. For the second-order system, 


_ 4 
Cn 
The output response curves for a unit-step 
input are plotted in Fig. 7-13. 





(7-19) 





ts (7-20) 


DIMENSIONLESS ERROR, ¢(t)/e,. 


° 





DIMENSIONLESS TIME, «, 


Fig. 7-11 Dimensionless transient error-response 
curves of a second-order servomechanism to a 
unif-ramp input. 


Adapted with permission from Principles of Servomechanisms, 
by G. S. Brown and D. P. Campbell, Copyright, 1948, John 
Wiley & Sons, Inc. 
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Quantitative descriptions of the relation- 
ships between properties of the transient re- 
sponse and the frequency response of a 
second-order system will now be given. The 
resonant frequency of the closed-loop re- 
sponse W (jw) is 


Wr = W, /1 — 20? (7-21) 
The magnitude of the resonant peak M, (see 
Fig. 7-14) is given by the relation 

2zoV1-? 
The frequency of damped transient oscilla- 
tion wz, (damped natural frequency) is 

4 = Wn / 1 — C2 (7-23) 


The time taken to reach the first peak in the 
output response to a unit-step input is 


(7-22) 


pans x - 
tm = Se (7-24) 
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Fig. 7-12 Transient error-response curves of a 
second-order servomechanism to a unif-step input. 


Adapted with permission from Principles of Servomechanisms, 
by G. S. Brown and D. P. Campbell, Copyright, 1948, John 
Wiley & Sons, Inc. 





Fig. 7-13 Transient output-response curves of a 
second-order servomechanism fo a unit-step input. 


Adapted with permission from Principles of Servomechanisms, 
by G. S. Brown and D. P. Campbell, Copyright, 1948, Jobn 
Wiley & Sons, Inc. 





DAMPING RATIO, f 


Fig. 7-14 Peak magnitude M, versus damping ratio 
C for a second-order servomechanism. 


Adapted with permission from Principles of Servomechanisms, 
by G. S. Brown and D. P. Campbell, Copyright, 1948, John 
Wiley & Sons, Inc. 
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The peak overshoot P,, in the output response 
to a unit-step input (see Fig. 7-15) is 


aa 
Pw =e VI-* (7-25) 


If bandwidth is defined as the frequency w, 
at which 10 logo | W (jw) | is down 1.5 dg from 
the zero-frequency value, then 


wy = o, [1 — 20? + 2 — 40? + 404]? 
(7-26) 


With the important characteristics of a 
second-order system described, it is possible 
to use these characteristics to aid in establish- 
ing a desired closed-loop pole-zero configura- 
tion from the transient-response specifica- 
tions. 

A few general relations between pole-zero 
configurations and transient-response charac- 
teristics are in order. Most closed-loop re- 
sponse functions of unity-feedback systems, 
W (s), are characterized by a pair of dominant 
complex poles, one or more dipoles (pole and 
zero close together), one or more finite zeros, 
and poles whose magnitudes are much greater 
(a factor of five or more) than the magnitude 


PERCENT OVERSHOOT 





Fig. 7-15 Overshoot variation with C. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Ine. 


of the dominant pair of poles. (%-5.6.12,18,19,28) 
The pertinent relations are as follows: 


(a) The addition of a real zero to W(s) 
tends to increase the overshoot of the output 
response to a unit-step input, decreasing the 
rise time and time delay. 


(b) The addition of a real pole to W(s) 
tends to decrease the overshoot of the output 
response te a unit-step input, increasing the 
rise time and time delay. 


(c) The addition of real poles to W(s) 
whose magnitudes are much larger than the 
magnitude of the dominant pole pair has very 
little effect on the transient response. 


(d) The addition of complex poles to W (s) 
whose magnitudes are much larger than the 
magnitude of the dominant pole pair has very 
little effect on the transient response provided 
the damping ratio of the added poles is not too 
small. 


(e) The addition of a dipole to W(s) has 
very little effect on the step response of the 
system but may have a pronounced effect on 
the steady-state errors of the system. 


(f) The excess of poles over zeros for 
W(s) is equal to or greater than the excess 
of poles over zeros for the fixed-element 
transfer function G,(s). 


(zg) Most military applications require 
that W(0) = 1. This implies that the open- 
loop transfer functions C(s)/E(s) = G(s) 
have at least one pole at the origin. 


(h) In any system with one open-loop pole 
at the origin, the first three error coefficients 
are 


(7-27) 





ee Son (7-28) 
t=1 Dj f=1 


ve 


1 1 » 1 aD | 
ep = — — er 
° Fz j=1 D/? j= 2° 
(7-29) 


where —p; is the jth pole of W(s), —z; is 
the jth zero of W(s), and K, is the velocity 
constant of the system. 


7-19 


THEORY 


(i) In any system with two open-loop 
poles at the origin, the first three error co- 
efficients are 





eé, — 0 (7-30) 
e, = 0 (K,>*”) (7-31) 
1 se 1 se | 1 
a=—>(2—~-E=)=— 
: 2 ( j=l p;* j=l Zz; K, 
(7-32) 


where K, is the acceleration constant, —p,; 
is the jth pole of W(s), and —z; is the jth 
zero of W(s). 


(j) If the cutoff frequency w,, is defined 
as the frequency at which the phase of the 
closed-loop frequency response 1s — 90° and 
the buildup time ¢, is the time for the output 
response first to cross unity for a step input, 
then 





. (7-33) 


Weo 


tou => 


(k) If the rise time ¢t, is defined as the 
time required for the output response to a 
unit-step input to go from 10% to 90% of 
its final value and w, is the bandwidth as de- 
fined immediately above Eq. (7-26), then 
for a response with less than 10% overshoot, 

@vtr — 0.30 to 0.45 

2x 

(1) If the delay time ¢, is defined as the 
time for the output response to a unit step 
to reach 50% of its final value, then 


(7-34) 








1 
ta — K, (7-35) 
(m) If the rise time ¢, is as defined in (k), 
1 1 
—t?=—| 2 7-36 
> ( a ta5 (7-36) 


where e, is the second error coefficient and K, 
is the velocity constant. 


(n) If the settling time (solution time) ¢, 
is the time for the output response to a unit- 
step input to reach 98% of its final value, 
then 


t, = 3ty, to Sty, (7-37) 


From the characteristics of the second- 
order system and the general relations (a) 
through (n) of the preceding paragraph, the 
conversion of time-domain specifications to 
a closed-loop pole-zero configuration becomes 
a fairly straightforward matter. Truxal(2®) 
presents a very good description of a typical 
procedure. 


Example. The specifications for a servo- 
mechanism are as follows: 


ee ae 
s(s+ a) 

(b) The bandwidth w, of the closed-loop 
response shall be less than 50 rad/sec, and 
the output response of the system to a unit- 


step input shall have an overshoot less than 
5% of the final value. 


(a) G(s) = 


(c) K, = 50sec 


(d) |e] = 0.01 sec? 


Find a closed-loop pole-zero configuration 
that satisfies these specifications. 


Solution. If the system is initially approxi- 
mated by a second-order response with no 
zeros, Fig. 7-15 shows that ¢ = 0.7 for a peak 
overshoot P,, = 5%. For € = 0.7, Eq. (7-26) 
ylelds w, = w,. Therefore, w, = 50 rad/sec. 
The dominant pole pair is thus placed at 
s = —385 + 357 corresponding to w, = 49.5 
rad/sec and C = 0.707. Now using Eq. (7-15), 
we find that K, = 35 sec", which is too small a 
value. To increase K,, a dipole will be added. 
The pole of the dipole must not be set at too 
low a frequency or else an excessively long 
tail in the transient will occur. The magni- 
tude of the pole of the dipole will therefore be 
chosen to be one-tenth the real part of the 
dominant poles. This corresponds to a pole at 
—3.5. To determine the location of the zero 
of the dipole, Eq. (7-28) is used. At this 
point, the approximate closed-loop response 
is 


Pi 2 (8 + 21) 
(s) = @1 


SS a 2 a a ee oer eae 
(s? + 2a@nS + Wa?) (s + 21) 
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where p, = + 3.5, ¢ = 0.7, w, = 49.5, and 2, 
is to be determined. Using Eq. (7-28), 
1 1 1 


Ke Pi ton + joie 
ne: Sree 
0 On = jonV1 = it a1 
or, 
1 1 2 1 
a ee 4 


21 Pi Wn Ky 
Therefore, z, = 3.40. The desired pole-zero 
configuration for W(s) is given by 
2520(s + 3.4) 
(s? + 70s + 2450) (s + 3.5) 


The second error coefficient of this system can 
be found from Eq. (7-29). Thus, 


1f il 1 1 2 
2 =~ OK? Sara OMEN, eam 


W(s) = 





: — 5) <1 

Bs wey, Ee) 22 
Evaluating this expression, it is found that 
€o = 2 & 10-3 sec?, which is well within speci- 
fications. All the specifications should be 
checked at this point to insure that the sys- 
tem behaves as desired. The example above 
has been carried out far enough to demon- 
strate the basic ideas involved in finding a 
closed-loop pole-zero configuration that satis- 
fies the given specifications. 


7-1.4 RELATIONS BETWEEN OPEN-LOOP 
FREQUENCY RESPONSE AND CLOSED- 
TRANSIENT RESPONSE (4.7.8.11,12,25,26) 


Since most of the design techniques dis- 
cussed in Pars. 6-2, 6-3, and 6-4 involve con- 
siderations of the open-loop frequency re- 
sponse C(jw)/E (jw) = G(jw), methods for 
relating the open-loop frequency response to 
the closed-loop transient response will be pre- 
sented here. 


Harris et al. present an approximate 
technique for determining the error response 
e(t) to a transformable input r(t). If w, is 
defined as the frequency at which the open- 
loop asymptotes cross 0 dg (asymptote cross- 
over frequency; see Fig. 7-16), this method 
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10 10949 |G{ja)| om 


assumes that w, occurs in a region where the 
slope of the asymptote is —10 dg/dec. In 
general, the shape of the open-loop asymptote 
for frequencies greater than w, has little 
effect on the transient response of the system. 

The reciprocal error-to-input transfer 
function R(s)/E(s) can be found from the 
open-loop response C'(s)/E'(s) by using the 
relation 


R(s) _ C(s) 

E(s)  E(s) 
Since the open-loop asymptote function 
C(s)/E(s) is almost always a monotonically 
decreasing function of frequency, the asymp- 
tote crossover frequency w, divides the fre- 
quency scale into two regions: 


R(s)_ C(s) 


+1 (7-38) 





ox —_ f . 
B(s) ~ E(s) orw << @, (7-39) 
R(s) 

= ] - 
E(s) forw >> w, (7-40) 


The procedure for finding e(t) is as follows: 
(a) From [R(s)/E(8) Japprozimate by using 
all factors of C(s)/E(s) corresponding to 
poles and zeros of C(s)/E(s) with magnitudes 
(break frequencies) less than w,. Delete all 
other factors of C(s)/E(s) and add a numer- 


ator factor equal to (1 +<), 
We 

(b) [E'(s)/R (s) Japprorimate is the reciprocal 

of [R(s) /E(s) Japprorimatee From the transform 

R(s) of the input r(t) and the approximate 

error-to-input transfer function, find the first 


oO 
a. 
a 





Fig. 7-16 Typical open-loop asymptote function. 
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approximation to e(t) by performing the in- 
verse Laplace transformation of the function 
[E'(s)/R(S) Japprosimate X R(s) and plotting 
this time function. 


(c) Find the correction ratio, 


2 ( [LR (s) /E(S) Japprozimate 


7-41 
[R(s) /E (8) lesa ox 


S$ = JW, 


(d) The ends w, and w, of the —10 dg/dec 
slope region which fixes w, are called the low- 
er-and upper-corner (or break) frequencies 
of the —10 dg/dec region (see Fig. 7-16). The 
plot of the first approximation to e(t) found 
in (b) is multiplied by the correction ratio p 
in the time interval 

1 1 


Faience an 
Wu W) 


(7-42) 


and the resulting curves are joined smoothly 
in the regions t=1/w, and t=1/w,. This 
method works best if the —10 dg/dec slope 
region is fairly long (w,/w, = 8) and if the 
closed-loop M, is close to unity. 


Chestnut and Mayer (826) present a series 
of charts that can be used to determine the 
properties of a unity-feedback system from 
the asymptotes of the open-loop frequency 
response. These charts utilize the following 
terminology (see Fig. 7-17) : 











ko 4 M,, the maximum ratio of closed- 

Fe |m loop frequency response 

a 4 the peak value of the ratio of con- 

Fils trolled variable (output) to refer- 
ence variable (input) for a step in- 
put 

= 4 the ratio of the frequency w, at 

We 


occurs to the frequency 


w, at which the straight-line ap- 
proximation (asymptote) of the 
open-loop response is 0 decibels. 
(Note: 2 decilogs = 1 decibel.) 


which g 





Wy 


4 the ratio of w,, the lowest frequency 
@ 


of oscillation for a step input, to w,, 
the frequency at which the open- 
loop asymptote crosses 0 db (deci- 
bels). 


Wt, 4 the asymptote crossover frequency 
w, times t,, the response time from 
the start of the step function until 


Q 


C 
—| occurs. 
Pp 
w-t, 4 the asymptote crossover frequency 
w, times t,, the settling time from 
the start of the step function until 
the output continues to differ from 
the input by less than 5%. 


Cc 
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Cc 
Fig. 7-17 Sketches showing nomenclature used to 
describe various characteristics of servomechanism 

performance. 


Reprinted with permission from Servomechanisms and Regs- 
lating System Design, Volume I, by H. Chestnut and R. W. 
Mayer, Copyright, 1951, John Wiley & Sons, Inc. 
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Additional definitions are given in Fig. 7-17. 
The charts correlating the quantities defined 
here are presented in Fig. 7-18 (sheets 1-18). 
It should be noted that these charts can be 
used either for analysis or for synthesis. 


Biernson™!) presents an excellent method 
for determining the closed-loop poles of a sys- 
tem from the open-loop frequency response. 
If it is assumed that the asymptote crossover 
frequency w, of the open-loop frequency re- 
sponse occurs in (or near) a frequency region 
where the slope of the asymptote is —10dg/ 
dec, then the following relations hold if 
|G(jw)| is a monotonically decreasing func- 
tion: 


|G (jw) | =1 for w = o, (7-43) 


|IG(jwo)| >>1 for ao << w, (low-frequency 
range) (7-44) 


|G (jw) | <<1 for w >> o, (high-frequency 
range) (7-45) 


The first approximation to the location of the 
poles of the closed-loop transfer function 
C(s)/R(s) is obtained from the following: 

(a) The zeros of G(s) whose magnitudes 
are less than w, (low-frequency zeros) 

(b) The poles of G(s) whose magnitudes 
are greater than w, (high-frequency poles) 

(c) A pole ats = —a, 

For real or complex closed-loop poles which 
are far from , in magnitude, the shift from 
the first approximation of these poles to their 
actual location can be calculated by a succes- 
sive-approximation method which converges 
more rapidly the further the poles are from 
w,. If a closed-loop pole is approximated by a 
low-frequency zero of G(s), then the true lo- 
cation of the closed-loop pole s, can be deter- 
mined by successively evaluating 


n~ |S — Sa)" 
(2) = | 7 





s—81 
for |s,| < w,, and $; = 8, 
(7-46) 
where vn is the order of the open-loop zero, s, is 
the location of the open-loop zero, and 8, is the 


shift from the open-loop zero to the closed- 
loop pole, i.e., 54 = $1 — Sq. 
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If a closed-loop pole is approximated by a 
high-frequency pole of G(s), then the true lo- 
cation of the closed-loop pole s, can be deter- 
mined by evaluating 


(3,)" = — [(s — 8,)"G(s)] ,_,. 
for |s,| > w,, and S82 = 8, 
(7-47) 


where 7 is the order of the open-loop pole, s, is 
the location of the open-loop pole, and 5, is the 
shift from the open-loop pole to the closed- 
loop pole, i.e., 5, = Se — Sp». 


For closed-loop poles near w,, a graphical 
procedure!) ig recommended since the con- 
vergence of the numerical method employing 
Eqs. (7-46) and (7-47) is either slow or nonex- 
istent. The graphical procedure involves plots 
of G(s) for s= —o+ jw (along axes other 
than the imaginary axis). Because the graph- 
ical procedure tends to be somewhat lengthy, 
it will not be given here. 


Example. The open-loop transfer function 
of a unity-feedback system is given by 


G(s) — Hels 2) (s + os) 


8 (8 +@;)?(s + ws)? oe 
where 
@, = 0.04 
W2 = 0.2 
W3 — 1 
@4 — 16 


K, isa proportionality constant whose value 
is to be determined. The asymptotes of this 
function are sketched in Fig. 7-19. The cross- 
over frequency w, is chosen as the geometric 
mean of ws and w, since this particular choice 
tends to produce the lowest closed-loop M,,. 
Near w,, the asymptote is given by 


Asymp |G Ko 
S47 














At the crossover frequency, w,, therefore, 


K, = 0,04? = \/w3W4 042 = 40,2 
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Inspection of Fig. 7-19 and Eq. (7-48) shows 
that the low-frequency zeros of G(s) occur at 
—W2 and —w; and that. the high-frequency 
poles of G(s) consist of a double pole at 
—ww,. Therefore, the poles of the first approxi- 
mation to C(s)/R(s) occur at —w,. (single- 
order), —w3 (single-order) , and —w, (double- 
order), plus one pole at —w,. The zeros of 
C(s)/R(s) are the zeros of G(s), —we and 
—w3. As a result, the first approximation to 
C(s)/R(s) is 





C(s) W604? 

R(s) (8 + @,) (8 + wo)? 
- K, (zeros of G(s) above w,) 
a (s+o,) (poles of G(s) above w,) 


(7-49) 
ie first approximation to E'(s) is found to 
e 


Ei(s) S(s + @;)? 
R(s) (8 + @) (s + we) (8 + we) 
1 (poles of G(s) below a,) 
(s+ o,) (zeros of G(s) below w,) 
(7-50) 
The approximate factors of 1+ G(s) are 
given by 
1+ G(s) = (s + 0.2) (s + 1) (s+ 4) 
(s + 16)? (7-51) 


To evaluate the shifts from the approximate 
factors given in Eq. (7-51), Eqs. (7-46) and 








10 logig [G(Jo)| go> 


leg w-> 


Fig. 7-19 Sketch of open-loop asymptote function. 


(7-47) are used. The numerical form of 
G(s) is 


G(s) = 4x 16?7(s 4+ 0.2) (s +1) (7-52) 
s(s + 0.04)?2(s + 16)? 

Since w, = 4, the numerical method should be 

tried for the factors (s + 0.2), (s + 1), and 

(s +16). The shift from the approximate 

pole at s = —0.2 to the true pole is given by 


ee (s + 0.2) 


= 0.0016 
G(s) 


s——0.2 


(7-53) 


Since this quantity is small, the true pole 
lies at 


s = —0.2 + 0.0016 = —0.1984 


For the approximate pole at s = —o; = —1, 
the shift to the true pole is given by 
sx —tD) __ 9253 
G (s ) s=——1 
(7-54, 


This quantity is reasonably large so that a 
second approximation to 53 is made by evalu- 
ating the right side of Eq. (7-54) at s = 
(—1) + (—0.253), instead of at s = —l, 
yielding 


ee cae — —0.373 
G(s) s=—1.253 

(7-55) 
The shift is still not too well approximated 
since the change from Eq. (7-54) to (7-55) is 
significant. The third approximation to 8; is 
obtained by evaluating Eq. (7-55) ats= 
(—1) + (—0.373), instead of at s = —1.253, 
yielding 


ont En se) 


— —0.435 
G(s) 


s——1.373 

(7-56) 
Since the original approximate closed-loop 
pole at s = —1 was fairly close to the cross- 
over frequency w, = 4, it is to be expected that 
the process of determining the shift 53 will 
converge fairly slowly. The succeeding ap- 
proximations to the value of the pole are as 
follows: 
—1.468, —1.485, —1.496, —1.503, —1.507, 
—1.509, and finally —1.510. 
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For the approximate double-order pole at s = 
—16, the shift is given by 


(34)? = —(s 4 16)°G(s) | 


s=-—16 


or 
8, £7.71 


The original double-order pole splits in two, 
one pole moving toward w, and the other pole 
moving away from w,. Only the pole moving 
away from w, can be determined by the numer- 
ical method. The second approximation to the 
shift of this pole is s = (—16) + (—T.7) 
— —23.7. The third approximation to the 
shift of this pole is obtained by evaluating Eq. 
(7-57) at s = —23.7, instead of at s = —16, 
yielding 


(3,)2 = —(s + 16)°G(s)] -- +64 


s=—23.7 
(7-58) 


or s = —22.4 is the third approximation to the 
pole. Keeping track of the negative shift in 
this case, the succeeding values of the pole are 
found to be —22.6 and finally —22.56. 

Thus, three of the five ‘‘exact” factors of 
1+ G(s) are (s + 0.1984), (s+. 1.51), and 
(s + 22.56). Dividing these factors out yields 
the remaining complex poles at s = —4.35 
+ 73.3. The “exact” close-loop response C/R 
is therefore 


C(s) __ 





Although the detail with which this example 
has been presented may make the procedure 
seem laborious, actually it is extremely rapid 
even when the rate of convergence of the suc- 
cessive approximations is relatively slow. 
Note, also, that any desirable degree of accu- 
racy can be maintained. 


In other papers ‘72.25), Biernson gives a very 
good summary of approximate relations be- 
tween the open-loop frequency response and 
the closed-loop transient response. If w,m is de- 
fined as the frequency at which the magnitude 
of G(jw) crosses the 0-dg line (magnitude 
crossover frequency), then 


= 1014(s + 0.2) (s +1) 
R(s)  (s + 0.1984) (s +1.51) (s + 22.56) (s? + 8.69s +30) 


(a) The rise time is approximately 1/w.m, 
where the rise time is defined as the time for 
the output response to a unit-step input to 
reach 0.63. 


(b) The peak error for a unit-ramp input 
is approximately 1/wen. 


(c) The peak output response for a unit- 
impulse input is approximately .m.- 


(d) The peak overshoot in the output re- 
sponse to a unit-step input is best determined 
from M, by means of Figs. 7-14 and 7-15. 


(e) The settling time t, is approximated by 
the settling time of the equivalent second-or- 
der system unless G(s) has low-frequency 
zeros produced by integral networks. 


(f) If a first-order lag network (integral 
network) has been used to compensate the 
system, the peak overshoot of the output re- 
sponse to a unit-step input will be increased. 
If T, is the time constant of the lag network, 
an additional transient term Ae-“‘/7 is added 
to the step response, where A = 1/T.w, and 
w, is the asymptote crossover frequency. 


(zg) If an integral network is added to a 
system, the rate of decay of the error response 
to a unit-ramp input response is determined 
by the time constant T, of the integral net- 
work. This response can be sketched from the 
following considerations : 


(7-59) 


(1) The response initially rises at the same 
rate as the input. 

(2) The peak of the response is 1/W.m. 

(3) If wo, is the asymptote crossover fre- 
quency, the tail of the response is approxi- 
mately the tail of an exponential with time 
constant 7, starting from 1/w, at t=—0 and 
falling to 1/K, at {= o, where K, is the vel- 
ocity constant. 

(h) The maximum time delay by which the 
output response to a unit-ramp input lags the 
input ramp is approximately equal to the rise 
time (0.63-value) of the output response to a 
unit-step input. 
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7-2 ERROR COEFFICIENTS "7272" 


Paragraph 7-1 discusses the performance of 
feedback-control systems in terms of transi- 
ent response and frequency response. Both of 
these views are intimately connected and stem 
from the impulse-response and convolution- 
integral description which forms the basis for 
all performance-evaluation methods. Unfor- 
tunately, it is generally true that the evalua- 
tion of performance by any of the foregoing 
methods is very laborious when the input is 
an arbitrary (but definable) time function. 
The error-coefficient method is a technique 
which aids the designer in such a case. Para- 
graph 3-6 shows that the error response of a 
system to a specified input can be expressed in 
terms of the input, its derivatives, and a set 
of error coefficients derivable from the trans- 
fer function of the system. The expression for 
the error response is 


e(t) = eyr(t) + e,7’(t) + esr’ (t) +... 
(7-60) 


where the error coefficients é@, €,, eo, ... are 
the coefficients of the Maclaurin series expan- 
sion of the error-to-input transfer function 
E'(s)/R(s),i.e., 


E'(s) 
R(s) 


This expansion is valid everywhere except 
where the input or any of its derivatives are 
discontinuous. For practical purposes, only a 
few terms of the expansion are used to evalu- 
ate the error response. However, the expan- 
sion cannot be used near points of discontinu- 
ity of r, 7’, 7r”,... if accurate results are 
sought. Thus, for example, if a step discontin- 
uity occurs in the input 7(t), the expansion is 
invalid for a time interval extending from the 
instant ¢, at which the step occurs to the time 
(t. + t,), where ¢t, is the settling time of the 
transient error response to the step (time for 
the error transient to fall to 2% of its initial 
value). Obviously, the step can be ignored if it 
is small compared to the remaining terms of 
the expansion in the interval t, << t< (t,+ t,). 





= &€y + €18 + C58" + or (7-61) 


Biernson ‘?3) has suggested that the foregoing 


difficulty can be resolved by examining 
r, vr’, r’,...for discontinuities and subtract- 


ing these discontinuities from the correspond- 
ing functions. The remaining functions will 
all be continuous, and the expansion can be 
applied over the entire time range of interest. 
Then, the effects of the discontinuities in 
r,v’,r’,...are added to the response. In this 
procedure, a discontinuity in a function is con- 
sidered to occur if the function rises (or de- 
cays) more abruptly than the corresponding 
transient response to the discontinuity. In 
comparing the rise rate of the two curves, a 
convenient criterion is to compare the times 
for the two curves to reach 63% of the initial 
rise (or decay) of the curves. 


A convenient procedure for determining the 
error coefficients required to satisfy perform- 
ance specifications is the following: 


(a) Given the input r(¢) and the maximum 
allowable error @na, Which can be tolerated at 
any time, determine the derivatives 7’, 7”, 7””, 
... of the input r(t). 


(b) Assume values of the error coefficients 
so that the maximum value of each component 
term in the expansion [Eq. (7-60) ] is equal 
tO €maz- 


(c) Add the curves obtained in (b) to ob- 
tain the first trial value of the error response 
ey (t) 5 


(d) There will be times in which the first 
trial e,(t) will exceed e,,,;. Referring to the 
curves found in (b), decide which of the func- 
tions r, 7’, 7” have their maxima in regions 
where e,(t) exceeds €mez- 


(e) Reduce the assumed values of the error 
coefficients in (b) associated with the func- 
tions found in (d). 


(f) Add the adjusted curves found in (e) 
to those functions [found in (b) ] which have 
not been changed. Determine whether é,,,; is 
now exceeded and, if so, repeat (d) and (e). 
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Once the error coefficients have been speci- 
fied by means of a procedure similar to the 
foregoing, the design of the system can be 
carried out as follows: 


(a) Thesystem is designed to meet all other 
specifications on transient response and fre- 
quency response such as bandwidth, M,, Po, 
etc. 


(b) The error coefficients of the system 
designed in (a) are found in terms of the 
system parameters and the gain. 


(c) If any of the error coefficients found in 
(b) exceed their specified values, they may be 
reduced by increasing the system gain, if 
possible, by the introduction of low-frequency 
dipole lead functions in the pole-zero config- 
uration of the open-loop transfer function 
G(s), or by the feedback-compensation tech- 
nique suggested by King.“7) 


(d) The specifications on transient re- 


sponse and frequency response are rechecked, 
and step (c) is modified if necessary. 


A warning should be added. Whenever at- 
tempts are made to reduce one or more error 
coefficients of a system by the methods sug- 
gested above, it is possible that higher-order 
error coefficients may increase. Therefore, if 
by the addition of a low-frequency lead di- 
pole, an error coefficient can be reduced to 
zero, a check should be made to insure that 
higher coefficients have not been increased 
excessively. In addition, it is generally true 
that low-frequency poles in a transfer func- 
tion tend to increase the settling time of the 
response of the system to steps in the higher 
input-derivative functions. Therefore, if the 
actual input being examined has discontinui- 
ties in one or more of its higher derivatives, 
the effect of the longer settling time in the re- 
sponse to these discontinuities must be deter- 
mined. 


7-3 PERFORMANCE INDICES"**'*'*'®) 


A performance index P is a single number 
which is used as an indirect measure of sys- 
tem performance. Other measures of system 
performance have already been considered, 
such as the various commonly used parame- 
ters M,, bandwidth, rise time, peak overshoot, 
etc. However, these parameters provide only 
a partial description of performance since, in 
a sense, only part of the corresponding re- 
sponse is described by each. To be sure, if 
enough of these “response parameters” (for 
want of a better term) are known, an accu- 
rate description of the corresponding re- 
sponse is possible. That is, the “response 
parameters” may be considered direct de- 
scriptions of the shape of their associated 
responses. However, since a response func- 
tion is continuous, theoretically an infinite 
number of response parameters are necessary 
to describe the response. To get around the 
use of a multitude of response parameters, a 


performance index may be used. The use of 
performance indices is an attempt to replace 
the functional description of the performance 
of a system through its response parameters 
by a numerical description that rates the 
system performance with a single number. 

Paragraphs 8-1 and 8-2 describe various 
techniques for using performance indices. 
This section merely presents the commonly 
used indices together with the input condi- 
tions for which they apply. Table 7-1 is a 
summary of these indices. In practice, the 
performance index corresponding to the spec- 
ified input is found, and the system is ad- 
justed to optimize (minimize or maximize) 
the index. The indices P;, P3, Ps, Ps, Pz, and 
Ps can be used in purely analytical proce- 
dures. However, P, and P, are not treated 
analytically but rather through the use of 
analog computers. 
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TABLE 7-1 COMMON PERFORMANCE INDICES 


Transient 


Transient 


Transient 


Transient 


Transient 


Transient 


Transient 


Stochastic 


Integral-time-multiplied absolute 
error (ITAE) 


Integral-square error (ISE) 


Control area 


Integral absolute error (IAE) 


14,16,18 


9,18,33,34 


Mean-square error (MSE) 
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CHAPTER 8 


OPTIMIZATION METHODS FOR TRANSIENT AND 
STOCHASTIC INPUTS * 


8-1 CRITERIA OF PERFORMANCE 


In Par. 7-3 it was indicated that the con- 
ventional measures of performance such as 
rise time, peak overshoot, solution time, M,, 
etc. were merely partial descriptions of the 
frequency response of a system or the shape 
of a particular transient response. As a 
result, an adequate description of system be- 
havior requires a fair number of response or 
performance parameters. To avoid using a 
multiplicity of response parameters (num- 
bers which describe the response such as M,, 
peak overshoot, bandwidth, rise time, etc.) 
attempts have been made to describe system 
behavior in terms of performance indices. A 
performance index is a single number which 
can be used as a criterion of performance. 
The pertinent performance indices used are 
those directly related to system error since 
error is the basic determinant of the “‘good- 
ness” of a system. The most common per- 
formance indices are those listed in Par. 7-3. 

When performance indices are used in sys- 
tem design, the usual procedure is to mini- 
mize the index if it is a direct measure of 
error. With a given index one also associates 
the specified input to the system. Several ap- 
proaches can be used in carrying out the 
minimization procedure. 

In one approach it may be assumed that all 
but a few of the system parameters are speci- 
fied. Then, the optimization procedure in- 
volves the adjustment of the free parameters 
so as to minimize the performance index. 


*By L. A. Gould 


8-1 


Such a procedure is called a fixed-configura- 
tion minimization method or technique since 
the form of the system is specified and only 
the numerical values of the free parameters 
are sought. 


In another. approach nothing is assumed 
about the configuration of the system. Here 
the entire impulse response of the system is 
varied to minimize the performance index. 
This procedure is called a free-configuration 
minimization method or technique. 


Of the two procedures, the easier one to 
apply and the one more commonly used is the 
fixed-configuration technique since the pro- 
cess of minimization can be carried out by 
differentiating the performance index with 
respect to the free parameters and setting the 
resulting partial derivatives equal to zero. 
The fixed-configuration technique is also easy 
to apply when use is made of an analog com- 
puter. The free-configuration method, on the 
other hand, is less commonly used because it 
can only be applied by the use of the calculus 
of variations since in this case a system func- 
tion (rather than a system parameter) is 
varied to obtain a minimum. 


In practice, the application of optimization 
methods can lead to failure when one is not 
cognizant of the limitations of the mathemati- 
cal model that represents the physical system. 
The optimum system often requires cancella- 
tion of the characteristics of the fixed ele- 
ments of the system, resulting in an unneces- 
sarily wide-band performance and concurrent 
nonlinear operation. To avoid this, con- 
straints may be placed on signal levels or on 
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bandwidth. Constrained optimization brings 
the designer closer to the practical limitations 
of the system and serves to guide system de- 
sign in a realistic way. 

The primary advantages of optimization 
procedures (as contrasted with conventional 
trial-and-error procedures) are twofold. 


First, the designer is able, through optimiza- 
tion, to decide whether a given set of specifi- 
cations is compatible. Second, the designer 
can decide whether a compatible set of speci- 
fications can be satisfied when bounded by 
constraints. 


8-2 OPTIMUM SYNTHESIS OF FIXED-CONFIGURATION 
SYSTEMS 


8-2.1 TRANSIENT INPUTS 


For transient inputs the integral-square 
error criterion (ISE) is commonly used (57.19) 
to obtain optimum synthesis of a fixed-con- 
figuration system. If discussion is limited to 
unity-feedback systems, where the desired 
output is the input, then the actuating signal 
e(t) is equal to the system error y,(t). The 
ISE criterion is then 


+00 
I, ={ y-*(t) dt 
The evaluation of the integral in Eq. (8-1) 


is facilitated by the application of Parseval’s 
theorem: 


(8-1) 


+00 1 +00 
2(t) dt = 7 
f- x2(t) dt 3 i X(s)X(—s) ds 
(8-2) 


where X(s) is the Fourier transform of x(t). 
Thus, Eq. (8-1) can be written 
1 
| Pe 
"Ong 
The procedure for minimizing the ISE is as 
follows: 


(a) Express the Fourier transform of the 
error as a function of the complex frequency 
s. This function will involve the free param- 
eters of the system as unknown coefficients. 

(b) Express J, in terms of Y,(s) by means 
of Eq. (8-3). If Y.(s) is rational, the form of 
I, will be 


+00 
Y.(s) Y.(—s) ds 


—o 


(8-3) 


8-2 


— 1 tie Cs) ds 
~— 2aj Jy. D(s)D(—s) 
where C(s) and D(s) are polynomials in s. 


(c) Evaluate the integral in Eq. (8-4). 
Definite integrals of this form have been eval- 
uated in terms of the coefficients of the poly- 
nomials in the integrand. 15) A brief table 
of such integrals is presented in Table 8-1 
where the evaluation has been carried out for 
s = jw. At this point, J, is expressed as a func- 
tion of the free parameters p, through p,, i.e., 


(8-5) 


I, (8-4) 


Led, (D1, Dor +--+» De) 


(d) Adjust the free parameters 9, Do,... 
so as to minimize /,. This can be accomplished 
analytically by solving the k simultaneous 
equations 


Oh _ 9 (§=1,2,...,%) 
OD: 


However, it is often better to find the mini- 
mum graphically by working directly with J,. 


(8-6) 


Example. A unity-feedback system has the 
fixed-element transfer function 


1 


a os s(T;s +1) (Tms + 1) 


where 
T, = 0.01 second and 


Tm — 0.04 second 
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The compensation G,(s) is a pure gain, 1.e., 
G.(s) = K,, the velocity constant 

The input is a step of magnitude N,, i.e., 
r(t) =N,, , (t) 


4 


The desired output is the input. The configu- 
ration that describes the problem appears in 
Fig. 8-1. 





Fig. 8-1 Configuration for ISE minimization. 


Solution. To find the value of K, that mini- 
mizes the integral-square error /,, we first 
find the error transform Y,(s). From the con- 
figuration in Fig. 8-1 it is evident that 


Y.(s) = E(s) = R(s) — C(s), and 


G(s) G(s) 
ey 1 + G.(s) G;(s) pes 
Now RG = 5. 


So, by substituting the expressions given 
originally for G,(s) and G,;(s) into the equa- 
tion for C(s) we find that the error transform 
is 
TT ms? + (T,;+ Tm) s+1 

T Ts? + (T; + Tm)s? +8 + Ke 
Substituting Y.(s) into Eq. (8-3) and letting 
S$ = jw, we find that 


Y.(s) = N, 


=f 


where 
Co=1 do — K, 
c= TP + T,,? d,—1 
ce, = T/T,’ dg =T,+ Tm 
ds = TT, 


Using I; of Table 8-1 to evaluate the integral 
above, we get 





T T. 1 1 1 
p ges Weise EY ee ee) 
1 — ye Tat as ( eg -) 
0 SS 8S 
2 1 1 


Numerically, this becomes 


N? [ 5.25K, + 125 
2 125K, — K,? | 

Inspection shows that I, > 0 if K, > o, but 

this solution is not allowed since the system 

would then be unstable. Differentiating I, 

with respect to K, and setting dI,/dK, = 0 

yields 


K,2 + 47.6 K, — 2980 = 0 
or 
K, = 35.8 or — 83.4 


I, = 


The negative value is not allowed so a velocity 
constant K,= 35.8 sec"! minimizes the 
integral-square error. The value of the mini- 
mum integral-square error is 


I, ,, = 0.049 N? 


Ymin 


As a point of interest, for K, = 35.8 sec“, the 
value of the peak magnification is 10 logio 
M, = 2.8 dg which is a reasonable value. 


Another optimization criterion is pre- 
sented in a series of papers by Graham and 
Lathrop®45) in which they have applied the 
integral-time-multiplied-absolute-error crite- 
rion (ITAE) to optimize the performance of 


[c.w* + cw? + cy] dw 


2x Jo [ds(jw)* + d2(jw)? + di (jo) + do] [ds(—jw)* + dz(—jw)* + di(—jw) + do] 
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standard-system forms. However, their pro- 
cedure is limited to step inputs only. The 
ITAE criterion is 


* tlye(t)| dt 


—c 


(8-7) 


ta — 


Although the analytical application of the 
ITAE criterion is practically impossible, the 
performance index can be easily mechanized 
on an analog computer. 


RESPONSE 


For systems exhibiting zero steady-state 
error for a step input (finite velocity con- 
stant), the standard form chosen was 

C(s) 1 


R(s) -s*+-qn18%'4+...4+q8+1 
(8-8) 


The denominator polynomials of the optimum 
systems (that minimize the ITAE for a step 





input) are listed in Table 8-2 for the first 
eight orders. Figure 8-2 shows the step re- 
sponses of the optimum systems, and Fig. 
8-3 shows the frequency responses of these 
systems. 


i aiaia team TIME 


Fig. 8-2 Step-function responses of the optimum 
unit-numerator transfer systems, second to 
eighth. orders. 





By permission from Transactions of the AIEE, Volume 1712, Part 
Il, 1953, from article entitled ‘The Synthesis of “Optimum” 
Transient Response: Criteria and Standard Forms’, by Dunstan 
Graham and R. C. Lathrop. 


TABLE 8-1 TABLE OF DEFINITE INTEGRALS 


1-2 [°__Gxo ___ ay 
2x —o D, (jo) D,(—jo) 


where 
= Con-20?™? + Con_-gn?* 4 + 2... + Cow? + Co 
D, (jo) = da(jo)* + dy-1(Jo)*1 +... + dijo + do 
= Co 
2dido 


Con-2(w) 


I Cody + A2Co 


” 
as 


2d2dido 
| C4 1dy + Codgdo + Codsde 
2dsdy (dod, — dsdo) 
Ty = 6b2t = dado) does + dadidyts + dadadoce + (dsd2— dads) daco 
2d 4d, (dsdod, — d4d,? — ds?dy 





OPTIMIZATION METHODS 





For systems exhibiting zero steady-state 





is error for a ramp input (infinite velocity con- 
4 rc stant, finite acceleration constant), the stand- 
. - ard form chosen was 
| 
Z ; 21) nn ee 
S 4 R(s)  s*+ Qn-18"! +... + g28? + Q18 + 1 
x (8-9) 
The denominator polynomials of the optimum 
systems of this type are listed in Table 8-3 
for the second to sixth orders. The step re- 
NONDIMENSIONAL FREQUENCY sponses of the optimum systems are shown in 
Fig. 8-4. 
Fig. 8-3 Frequency responses of the optimum Additional matter such as optimum com- 
unit-numerator transfer systems. pensation of various systems and the effect 
as of time scaling are also discussed by these 
id Wos3, feeuy article cotitica “Tei Gates of “Opdeua” authors“-5) with the use of the ITAE criterion 
areas ec and Standard Forms’, by Dunstan as the performance index. 


TABLE 8-2 THE MINIMUM ITAE STANDARD FORMS, ZERO-DISPLACEMENT- 
ERROR SYSTEMS 


S+ a9 
s2 4 T.dagS + wg? 
$34 1.75a98? + 2.15a97s + wo? 
$44 2.lags? + 3.409782 + 2.70978 + wo4 
so + 2.8c$4 + 5.0w9 253 4 5.50 3s? + 3.49 4s + wo” 
$5 + 3.25a9S> + 6.600984 + 8.600938? + 7.4509 487 + 3.959 °s + wo? 
s7 + 4.475a98° + 10.42m92S5 + 15.08c9 284 + 15.54a948? + 10.6409 982 + 4.58a9°S + cw’ 
$8 + 5.20987 + 12.8009255 + 21.60a92S5 + 25.7509 484 + 22.200958? + 13.3005? + 5.15978 + w9® 


By permission from Transactions of the AIEE, Volume 72, Part 
(I, 1953, from article entitled ‘The Synthesis of ‘‘Optimum” 
Transient Response: Criteria and Standard Forms’, by Dunstan 
Graham and R. C. Lathrop. 
TABLE 8-3 THE MINIMUM ITAE STANDARD FORMS, ZERO-VELOCITY- 


ERROR SYSTEMS 


s2 + 3.2w@9S + wy? 
s3 4 1.75a9$? + 3.25a9?s + wo? 
$4 + 2.4la9S? + 4.930928? + 5.140938 + wo! 
$5 + 2.19a9S4 + 6.500289 + 6.30938? + 5.2da948 + wo? 
$6 + 6,12m9S> + 13,4209254 + 17.16w9283 + 14,1409 48? + 6.760998 + w9° 


By permission from Transactions of the AIEE, Volume 72, Part 
Ir 1953, from article entitled ‘The thesis of “Optimum” 
Transient Response: Criteria and Standard Forms’, by Dunstan 
Graham and R. C. Lathrop. 
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where 
®,,(s) = [1 — W(s)] [1 — W(—s)] 
9,1 (s) + W (s)W(—s) Dan (8) 
(8-12) 
__G.(s) G(s) 
1 + G,(s) G,(s) 
®,,(s) = power spectrum of system error y, 


W(s) = (8-13) 


RESPONSE 


®,, (8) = power spectrum of data v 
®,,(s) = power spectrum of noise n 


Since ®,,(w) is an even function, the evalua- 
tion of the integral in Eq. (8-11) can be 
carried out by means of the integral table 
(Table 8-1). 

In all other respects, the design procedure 
for minimizing the mean-square error for 
stationary stochastic inputs with a fixed sys- 
NONDIMENSIONAL TIME tem configuration parallels the procedure for 
transient inputs outlined above. 





Fig. 8-4 Step-function responses of the optimum Example. For the configuration of Fig. 





zero-velocity-error systems, second to sixth orders. 8-5, 
_ 1 
By permission from Transactions of the AIEE, Volume 72, Part G, (s ) SS 
II, 1958, from article entitled ‘The Synthesis of “Optimum” s(T,;s +1) (Tas + 1) 
Transient Response: Criteria and Standard Forms’, by Dunstan 
Graham and R. C. Lathrop. G..( $) — K, 
8-2.2 STATIONARY STOCHASTIC ®,,(s)= 0 
INPUTS(®.12.15) ®,,(s)= Oy70/1 
s e e vv a 
The mean-square error (MSE) criterion is —s§?(v? — s?) 


universally used as a performance index 
when the input is stochastic. The general 
configuration that applies to this minimiza- 
tion problem is shown in Fig. 8-5. 

In this figure, v(t) is the data component 
of the input, and (¢) is the noise component 
of the input. The mean-square error is de- 
fined as 


®,,(s)= ‘” (white noise) 
rt 


+T 





2— lim A 
aa) As ee 


On the assumption that the data and the 
noise are uncorrelated, application of the 
formulae given in Par. 3-8 to the configura- 
tion of Fig. 8-5 yields 


y2(t) dt (8-10) 





pea +0 
1 = ®,,(w) dw (8-11) 


—o 


Fig. 8-5 Configuration for MSE minimization. 
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T; = 0.01 sec 

Tm = 0.04 sec 

Oy = 10 milliradian/sec 

v = 0.1 (sec)- 

Yn = 0.4 (milliradian)? —sec 


If we assume that there is no noise initially 
(®,, = 0), then 


s(Tys + 1) (Tins + 1) 
T Ts? +(T,;+Tn)S?+s+ Ky 


A normalized frequency is chosen such that, 
for s = jw, Tw = u. By applying the normali- 
zation theorem of Par. 3-4 (Eq. 3-46) to the 
expression for 1 — W(s) above, we obtain 


1— W(s) = 


(1 + ju) (1 + b7u) 
ju b(ju)* + (1+ 6) (ju)? + (ju) + K 


where 


b —2n_4 
T; 
K—T,K, 


In addition, the power spectrum of data ex- 
pressed in terms of u is found to be 


3 
®,,(u) = je] Pre ee ne 
I u? (a? + u?) 
where 
a—T,v = 0.001 


From Eq. (8-12). the power spectrum of sys- 
tem error expressed in terms of u is found to 
be 


wt) = [AT Sao. 


where 
C(u) = but + (14 07) w+ 1 


D,(ju) = 6 (ju)* + (1+ 6 + ab) (ju)? 
+ (1 + a+ ab) (ju)? 
+ (a+ K) (ju) + ak 


D,(—ju) = 6(—ju)* + (1+ + ab) 
(—ju)? + (1 +4 + ab) (—ju)? 
+ (a+ K) (—ju) + aK 


Then, using Eq. (8-11), we find the mean 
square error to be 


ce +00 
Y< = 2a0,°T/? if oe a du 
2m (J jo Dg (ju) D4 (—ju) 
Evaluating this expression from J, of the 
integral tables (Table 8-1) and substituting 
numerical values, we find that 
2 

a 4 yy 0.016 K? — 3.99 K + 5.015 


oT; ~  —4K3+4 5K? +4 0.005 K 


To determine the minimum value of N it is 
convenient to make a plot of N versus K. 
This avoids a differentiation of N with re- 
spect to K which results in a fourth-degree 
algebraic equation whose roots must then be 
determined. It is evident that using the plot 
to determine the minimum is a simpler tech- 
nique. The minimum from the plot is found to 
occur at K = 1.lorN = 0.90. Consequently, 
the optimum system has 


K, = 90 sec"! 


1/2 
| Yer = 0.095 milliradian 
If the noise is considered, the procedure is 
more involved but unchanged in principle. 
The results of the minimization of y2 with 
the noise added to the data as follows: 


K, = 7.8 sec"! 


1/2 
| Ye = 2.21 milliradian 
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8-3 OPTIMUM SYNTHESIS OF FREE-CONFIGURATION SYSTEMS 
WITH STATIONARY STOCHASTIC INPUTS “711123 


The design problem for the optimum syn- 
thesis of free-configuration systems with sta- 
tionary stochastic inputs is one of determin- 
ing the closed-loop transfer function 


C(s) 
R(s) 


that minimizes the mean-square error when 
information is given concerning the data v(¢), 
noise n(t), desired output 2(t), and fixed- 
element transfer function G,(s). No infor- 
mation concerning the form of the compen- 
sation G,(s) is needed. Figure 8-6 shows the 
configuration that describes the problem (G, 
is the ideal element transfer function). 





= W(s) (8-14) 


The solution to this problem is obtained by 
means of the calculus of variations and is in 
the form of an integral equation: 


in dtsg, (ts) ° dt4gs(t,) 


—o 


in dtow(te) drr(ti + ts — te — ts) 


—{" dtsg,(ts) on (1 + ts) =O fort, =O 


(8-15) 
where 


g,;(t) = impulse response of fixed elements 





Fig. 8-6 Configuration for MSE minimization 


w(t) = impulse response of control sys- 
tem (£"(W(s)]) 


¢r,(€) = autocorrelation function of r(¢) 


¢,(¢) = crosscorrelation function between 
r(t) and¢(t) 


If the fixed elements are minimum phase (no 
zeros in right-half s-plane) or are unspecified, 
Eq. (8-15) reduces to the Wiener-Hopf equa- 
tion : (6.12.15) 


in dtaw(ts) br (ti — te) — bn (i) = 
a 0 for t, = 0 
(8-16) 


If the autocorrelation functions and the 
impulse response of the fixed elements are 
Fourier transformable, Eqs. (8-15) and 
(8-16) can be solved in terms of transforms 
by a method called spectrum factorization. 
For Eq. (8-15), the optimum system function 
W(s) is given by 


I‘(s) 


W(s) = tA(s) I+ 
A+ (s) 


(8-17) 
where 

I‘(s) = 2nG,(—s) ®,(s) 

A(s) = 2nG,(s) G;(—s) ®,,(s) 


At+(s) 4 that factor of A(s) which contains 
all the poles and zeros of A(s) 
which lie in the left-hand s-plane 


-(9) — Abs) 
A-(s) = A+ (3) 


I‘(s) 
A-(s) J+ 


4 that part of the partial-frac- 
tion expansion of I'(s) /A-(s) 
due to the poles of '(s) /A-(s) 
which lie in the left-half s- 
plane 


] _ ts) [© 
A-(s)}J_ —-A-(s) A-(s) J+ 
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Transformation and factorization of Eq. 
(8-16) yields 


®,, (s) 
®-,,(3) 
+,,(s) 


where the notation is the same as that defined 
below Eq. (8-17). 


Example. G,(s) is minimum phase, and 


W(s) = (8-18) 


a Oy7V 
Poel) = Oe) 8) 
®,,,(s) = + 
®,,(s) = 0 


o, = 10 milliradian/sec 
v = 0.1 sec"! 
Y. — 0.4 (milliradian)? — sec 








a(t) = v(¢) 
Normalize the frequency scale by letting 
$ 
ie 
Vv 
Then, 
2 1 
®,,(A) = 2 
) nv? (—A?) (1 — A?) 
®,.(4) = —" 
It 
Let 
Or 





=a andvy,=—b 
re oa 


Since the data and noise are uncorrelated 


(®,, = 0) ’ 
b b | eae c2 — 42-4 I 
(—?) 1 —¥) 
where 


Since the desired output 2(¢) is the data v(¢), 
®,,(4) = Do (A) 


Equation (8-18) applies to this problem. To 
find ®,,(A) and @+,,(A4) it is necessary to dis- 
tinguish between poles and zeros in the two 
half planes. Since ®,,(4) has a double pole on 
the imaginary axis at the origin, the following 
artifice is used. We let 


— A? = lim (e — A) (€ +A) 
e>0) 


The problem can then be worked with (« — A) 
(e + A) replacing —A?. After carrying out the 
pertinent algebraic manipulations, we let «> 0. 
This is equivalent to factoring —A? into (—A) 
(+A) and then associating (—A) with the 
right-half plane (RHP) and (+A) with the 
left-half plane (LHP). Therefore, the factor- 
ization of ®,,(1) becomes 


(+A) (1 +4) 
& (m + yn — A) (m — jn —h) 
I (—A) (1 —A) 
where 


m = 0.5 \/ 2c + 1 = 15.82 
n — 0.5 V 2¢e —1 = 15.80 


The factor of ®,,(4) having all its poles and 
zeros in the right-half plane is 


@- (a) — 2: (m+ Jn — I) (m— jn —)) 
° x (—’) Q—A) 


Therefore, 


O.(s) 
O (3) 





c2 


( +A) (1 +A) (m + gn — id) (m — gn — 2) 


This function has left-half-plane poles at 
A = OandA = —1. Expanding in terms of par- 
tial fractions and retaining only those terms 
in the expansion due to LHP poles, we obtain 
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c 
®,, (A) = j1_TrerverT| 
| al, = 





@- i ith 
or 
14\2eq4 
201 vagy bt) 
l®= a) is + MMI 9) 
Since, 





(+4) (1 +4) 
(3 ate vee +1 +i) 
W() = (V2 +11) Gee F144 0) 
Numerically, since 41 = 10s and c — 500, the 
optimum response is 
W(s) = - A + oats 
(s.) +20(S) + 
where 
1 1 
= |/—  +— = 0.707 
$ V3 r Ac 
W, = v\/e = 2.24 
The open-loop transfer function correspond- 
ing to the optimum response is 
Ca) (Greer =") 
c 
—— = G,(A) G;(A) = e ————_—_ 
or, numerically, The rms error due to the signal acting alone is 
C(s) _ 5 (0.61385 +1) la “ — 0.796 milliradian 
E(s) s(10s +1) 4 


_— Consequently, the total rms error is 
The mean-square error y,? can then be evalu- 
ated by using Eqs. (8-11) and (8-12) together ] ee, / ly | 4 ly | 
with Table 8-1. The rms error due to noise Ye a a kde PR ed 
alone is found to be 





or 





a 1/2 e o e 
lye = 1.35 milliradian & — 1.57 milliradian 


8-10 





OPTIMIZATION METHODS 


8-4 LIMITATIONS AND APPLICATION PROBLEMS 


Several difficulties confront the designer 
who carries out the optimization procedure in 
any practical problem. He finds that (1) the 
labor involved becomes excessive, and (2) the 
resulting optimum compensation is both dif- 
ficult to realize and unrealistic. The latter dif- 
ficulty arises because cancellation of the fixed- 
component transfer function is required, re- 
sulting in component saturation and poor 
utilization of hardware. One factor acting in 
favor of the designer using the ISE and MSE 
criteria is that the minima resulting from the 
use of these procedures are broad. Thus, a 
fairly wide deviation of parameters and ccn- 
figurations can occur without appreciably 
altering the performance index. Hence, the 
labor involved in designing by optimization 
techniques can be reduced greatly by judicious 
engineering approximations. In addition, 
more freedom is available to the designer 
when the minima that arise in an optimization 
problem are broad since he can then satisfy 
additional performance specifications such as 
rise time, peak overshoot, etc. The same can- 
not be said for the ITAE criterion since it is a 
selective criterion producing narrow minima 
that leave little freedom to the designer. 
Therefore, the ITAE criterion is not to be rec- 
ommended if parameter variation is to be ex- 
pected and other performance specifications 
are to be met. 


Techniques for uvercoming the second lim- 
itation of optimization procedures have been 
proposed by Newton. !® He recommends 
that constraints be placed on the signals that 
are not to saturate. That is, the optimization 
is to be carried out by requiring that the per- 
formance index be minimized while the sig- 
nals that may saturate are kept below a speci- 
fied upper limit. Actually, however, a measure 
of the peak-signal values is used to facilitate 


8-11 


analysis. In the case of transient inputs, the 
integral-square signal values are to be kept 
below assigned limits. In the case of stochastic 
signals, the rms signal values are to be con- 
strained. It is also possible to combine the two 
types of signals by requiring, for example, 
that the rms error for a stochastic input be 
minimized subject to a constraint on the inte- 
gral-square value of a specified signal for a 
transient input. 


Newton" also proposes that constrained 
optimization be carried out by minimizing 
bandwidth since a minimum bandwidth sys- 
tem is highly desirable in any case. Thus, 
bandwidth is minimized subject to a con- 
straint on the allowable error index. 

By employing constrained optimization 
using performance indices that exhibit broad 
minima, the designer can approach a problem 
with a greater degree of certainty of finding 
out whether his specifications are compatible 
and, if compatible, whether they can be met 
in practice. 

The optimization procedures discussed here 
have been limited to transient inputs and sta- 
tionary stochastic inputs. If the input is non- 
stationary, then the optimum system will be- 
come nonstationary or time-variable. If the 
form of the time variation in the input statis- 
tics is known, it is possible to design a system 
which exhibits variable bandwidth. Unfor- 
tunately, there is as yet no general method for 
finding an explicit analytical solution to this 
problem. If the time variation in the input 
statistics is slow compared with the response 
time of the system, then the nonstationary 
problem can be broken down into a series of 
stationary segments. If the input statistics 
vary at a rate that is of the order of the re- 
sponse time of the system, then one cannot 
ignore the nonstationary nature of the prob- 
lem. 
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CHAPTER 9 


SAMPLED -DATA SYSTEMS* 


9-1 GENERAL THEORY 


Linvill states, “A sampled-data control sys- 
tem is one wherein the signal supplied to one 
or more parts of the system is not given con- 
tinuously in time, but is supplied at discrete 
values of the time variable, t. In such a system, 
the part of the system being fed intermittently 
might, for example, have an input signal ap- 
plied to it at ¢ = 0, T, 2T, 3T, .. . (where T is 
the length of time between samplings) with no 
data at all supplied in the intervals separating 
these sampling instants. A control system 
makes use of sampled data when it is impos- 
sible to supply continuous data to all its 
parts.” f 


Quoted by permission from Transactions of the 
AIEE, Volume 70, Part II, 1951, from article en- 
titled ‘‘Sampled-Data Control Systems Studied 
Through Comparison of Sampling with Amplitude 
Modulation,” by W. K. Linvill. 


SAMPLING CARRIER 
SIGNAL 


If the sampling frequency is high compared 
to the signal frequency and the critical fre- 
quencies of the system, then the fact that the 
data are sampled has little bearing on system 
behavior. Otherwise, the effect of sampling 
may become quite pronounced. 


Figure 9-1 shows the elements of a typical 
sampled-data system. The input r(t) may be 
composed of sampled or continuous data. The 
sampling device periodically samples the actu- 
ating signal e(t) under control of the carrier 
signal supplied to it. The holding circuit is 
used to smooth the sampled output from the 
sampling device, and the smoothed output of 
the holding circuit then drives the output 
member. It is evident that the components and 
signals in the system are combinations of dis- 
crete and continuous elements. Because part 


*By L. A. Gould 





Fig. 9-1 Sampled-data system. 
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of the system operates on sampled data and 
part on continuous data, the analysis of sys- 
tem behavior is not easily carried out by con- 
ventional methods. For that part of the sys- 
tem operating on continuous data, conven- 
tional methods of analysis are best. For that 
part operating on sampled data, the use of 
sequences and linear difference equations is 
best. However, methods have been developed 
which treat sampled-data systems from a uni- 
fied viewpoint and will be presented in this 
chapter. 


A sampled-data system like that in Fig. 9-1 
can be represented by the mathematical mod- 
el shown in Fig. 9-2. The impulse modulator 
is an ideal device that multiplies the actuating 
signal e(t) by the carrier signal A(t). The 
function A(t) represents a periodic train of 
unit impulses occurring at a frequency 
Q—2n/T radians per second (Fig. 9-3)— 
where © is called the sampling frequency. The 
equivalent linear filter is so chosen that the 
combined operation of the impulse modulator 
and equivalent linear filter on the actuating 
signal in the model produces the same input to 
the output member as the combined action of 
the sampling device and holding circuit in the 
original system. For example, a system in 
which the actuating signal is sampled every T 
seconds by a device which holds a particular 


A(t) 


r(t) e(t) IMPULSE 
ea MODULATOR 


sample value at that value until the next sam- 
pling time is called a sampler-clamper. Its ef- 
fect is shown in Fig. 9-4. This type of behavior 
can be exactly represented by the combination 
of an impulse modulator and a filter whose 
transfer function G,(s) is 


1— et 
s 


In the mathematical model, the output of the 
impulse modulator will be a.train of impulses, 
the magnitude of each being the value of the 
actuating signal at the corresponding sam- 
pling time. Although such a signal does not 
exist in the physical system, it is useful to 
isolate the action of the impulse modulator 
and combine the equivalent linear filter with 
the output member for the purpose of 
analysis. The impulse modulator is thought of 
as a synchronous switch, controlled by a car- 
rier, which periodically closes the connection 
between the actuating signal and the input to 
the equivalent linear filter (Fig. 9-5). The sig- 
nal e(t) entering the switch is continuous in 
this picture, but the signal e*(t) leaving the 
switch is discrete (sampled). It is also pos- 
sible for the signal e(t) to be discrete as well, 
in which case the action of the switch has no 
effect if it is synchronized with the discrete in- 
tervals associated with the input. We will 
adopt the convention that an impulse modula- 
tor (or synchronous switch) operates on all 


G,(s) —_ (9-1) 





EQUIVALENT OUTFVUT c(t) 
LINEAR MEMBER 
FILTER 


Fig. 9-2 Model of sampled-data system. 
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signals entering it (whether continuous, dis- 
crete, or a combination of both) to produce a 
discrete output. Signals that have been sam- 
pled, and are therefore discrete, will be repre- 
sented by starred functions. Thus, the opera- 
tion of an impulse modulator is as represented 
in Fig. 9-6. 

The carrier signal A(t) in a sampled-data 
system is represented by 
+0 
x &&(t—nT) 


n——oo 


A(t) = (9-2) 


The Laplace transform of this function is 


+09 


> 


n—0) 


A(s) = ents (9-3) 


or 
ese 
1— et 


If a signal r(t) is sampled by an impulse mod- 
ulator, the sampled output r*(t) is 


r*(t) = A(t)r(t) 


As): (9-4) 


(9-95) 


Solt—kT] Solt —(k + NT) 


a 


Fig. 9-3 Train of unit impulses which represents 
the carrier A(t). 


OUTPUT OF SAMPL ER-CLAMPER 
e(t) 


to+ T ty + 2T 


Fig. 9-4 Action of sampled-clamper. 


or 


+0 
>> 


n——O 


r*(t) = r(nT) }(t— nT) (9-6) 
The Laplace transform R*(s) of a sampled 


signal is 


R*(s) == 3 R(s + jna) (9-7) 
where 

be: = (9-8) 
and 

R(s) = L[r(t)] (9-9) 


Another form of the transform of.a sampled 
signal is 

R*(s)= > 

0 


r= 


r(nT) eT (9-10) 
Note that a starred transform like R* (s) rep- 
resents the transform of a starred (sampled) 
time function. Also from Eq. (9-7), starred 
transforms are periodic functions of fre- 
quency, the period being 7 2. That is, 


R*(s) =R*(s + jna) 


(9-11) 






FILTER AND 
OUTPUT 
MEMBER 


Fig. 9-5 Simplified picture of sampled-data system. 


x* (t) 


x(t) _— 


Fig. 9-6 Operation of sampling switch. 
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9-2 THE z TRANSFORM AND THE w TRANSFORM 


9-2.1 THE z TRANSFORM 


Whenever a time function is transformable, 
it can be shown that the transform of the 
function when sampled is a rational function 
of e-7*; 1.e., 


R*(s) = F(e*7) (9-12) 


where R* (s) is the transform of the sampled 
function r* (t). If we let 


| een Cea (9-13) 


then transforms of sampled-time functions 
are functions of a new complex variable z. The 
z transform of a time function 7r(t) is then de- 
fined as the Laplace transform R* (s) of r* (¢), 
where r*(t) is the function produced by im- 
pulse modulating r(t), and the z transform 
is obtained by replacing e-*’ by z in R*(s). It 
is conventional to let R*(z) represent the z 
transform of r(t) although, rigorously, one 
should use R*( —1/T log,z). 


If the Laplace transform R(s) of a func- 
tion r(t) is known, the z transform R* (z) can 
be found by expanding R(s) in a partial- frac- 
tion expansion and using the formulae given 
below. If 


Reyes: SB (9-14) 
k=1 $+ QA, 
then 
R*(z) — y— (9-15) 


k—1 1 — zems,T 


A short table of z transforms and their equiva- 
lent Laplace transforms is given in Table 9-1. 
For more extensive tables see references 5, 
25, and 26. Unfortunately, several authors 
have adopted the relation z = et*’. This nota- 
tion arose from the mathematics of difference 
equations, but it is awkward and physically 
deceiving in the present connection, since 
et*T corresponds to ideal prediction. There- 
fore, when using the literature, care must be 
taken to verify which particular notation is 
being used. In reference 5, for example, all the 


expressions for z transforms should have z re- 
placed by z! to make them correspond to the 
notation adopted in this chapter. 

The introduction of the z transform enables 
one to treat sampled-data systems by all the 
techniques available for continuous-data sys- 
tems since it is evident that the process of sam- 
pling a time function can be represented by a 


TABLE 9-1 
LAPLACE AND z TRANSFORM PAIRS 





Laplace 


Transform: 


F(s) 
1 


e” Ts 


ate 
s 
1 

8? 


1 
s+a 
a 
s(s+ a) 
a 
F(s +a) 
e*TF (s) 
e*F'(s) 
1 


1 
s +— log.a 
v7 g 


et 
s? + a? 

ea 
(s + a)? 


z Transform: 
F* (z) 


1—z 
Tz 


(1 — z)? 


1 


1 — zee? 


z(1 — e*7) 


(1 —z) (1 — ze") 


zsinaT 


1 — 2z cos aT + 2? 


F* (e7 z) 

z F* (z) 

z(a/T) F'* (z) 
1 


1+ az 


1— zcosaT 


1 — 2z cos aT +- 2? 


Te“Tz 


(1 —zet)? 
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0, j20 


0, ja 


0, -ja 


Y 


0, -j20 X 





A. 3 PLANE 


UNIT CIRCLE 


(1,0) — 


B. z PLANE 


Fig. 9-7 Relations between s plane and z plane. 


variable transformation from the s domain to 
the z domain. The z transform is a conformal 
transformation that maps the right half of the 
s plane into the interior of the unit circle of 
the z plane and the left half of the s plane to 
the exterior of the unit circle of the z plane. 
The imaginary axis of the s plane is mapped 
into the unit circle of the z plane, the s-plane 
origin (0+ 70) mapping into the point 
(+1-+70) in the z plane. These relations are 
shown in Fig. 9-7. Because a z transform is 
periodic (period = 70), the points (0 + jkQ) 
(k = 1, 2, 3,...) in the s plane also map into 
the point (+1 +70) in the z plane as shown in 
Fig. 9-7. Similar relationships are easily visu- 
alized and are treated later in this chapter. 
There is one point which must be emphasized, 
however. Since the z transform of a time func- 
tion represents the Laplace transform of the 
corresponding sampled-time function, infor- 
mation about behavior between sampling in- 
stants is lost and cannot be recovered from in- 
spection of z transforms. However, Barker (4) 
has developed a method for determining 
behavior between sampling instants. This 
method is described in Par. 9-5. It should also 
be noted that the z transform is related to the 
Mellin transform which is used to develop the 
theory of transforms and to study problems in 
elasticity. (28) 


9-2.2 THE w TRANSFORM 


Because of the difficulty involved in relating 
some of the properties of sampled-data sys- 
tems to the frequency-domain concepts that 
are most convenient to apply in the study of 
continuous systems, Johnson et al 4) have 
suggested a very useful transformation of 
variables that aids greatly in design. If 


1— w 
4 = 
1+w 





(9-16) 


is a bilateral transformation from the z plane 
to the w plane, then 
R*(w) =R*(z) | __—» 


os (9-17) 











is defined as the w transform of r(t). The ad- 
vantage of introducing the w transform be- 
comes evident when an attempt is made to 
evaluate R*(s) for s = jw. Such an evaluation 
requires an infinite “vector” sum, theoretical- 
ly [Eq. (9-7)], or else evaluation of R* 
through the use of e/"" = cos wT + j sin wT 
and so it is fairly difficult to obtain in practice. 
The use of the w transform, on the other hand, 
simplifies the determination of the frequency 
response of sampled-data systems. The w 
transform maps the unit circle in the z plane 
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into the imaginary axis in the w plane and re- 
stores some of the analytical advantages that 
were lost through the sampling process. If 


wa=utyqv (9-18) 
then 
v = tan (=) (9-19) 


gives the relation between the real frequency 
w and the pseudo- frequency v corresponding 


to the imaginary part of w. The real frequency 
w, from Eq. (9-19), is 
p= Gants (9-20) 
T 
The primary advantage of the w transform is 
that the transforms of sampled signals can be 
represented by a rational function of a fre- 
quency variable w that is simply related to the 
frequency w. In the following sections this 
property is brought out clearly. 


9-3 OPERATIONAL METHODS 


9-3.1 GENERAL 

The operational definition of impulse modu- 
lation given in Par. 9-1 simplifies the study of 
sampled-data systems. 


9-3.2 BASIC RELATIONS OF SAMPLED 
FUNCTIONS 


The following basic relations are easy to 
verify. From Fig. 9-8, it is evident that: 





C(s) = G(s) R*(s) (9-21) 

C*(s) = G*(s)R*(s) (9-22) 

Lk*(s)]* = R*(s) (9-23) 
From Fig. 9-9, it is evident that: 

C(s) = G(s) R(s) (9-24) 

C*(s) = [G(s) R(s) ]* (9-25) 

C*(s)+G*(s)R*(s) !! (9-26) 
From Fig. 9-10, it is evident that: 

ee (9-27) 

R*(s) 1+ G*(s) 

ee (9-28) 

R*(s) 1+ G*(s) 

C*(s)  — G*(s) (9-29) 





R*(s) 14 G*(s) 


The foregoing relations indicate that all the 
techniques of block-diagram algebra can be 
used to manipulate sampled-data-system con- 
figurations except for the added restrictions 


9-6 


r [" c- 
= o 


Fig. 9-8 Sampling a smoothed sampled signal. 
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Fig.9-9 Sampling a filtered continuous signal. 





Fig. 9-10 A sampled-data feedback system. 











SAMPLED-DATA SYSTEMS 


that an impulse modulator (a) “stars” all 
signals entering it, and (b) its position in a 
diagram cannot be interchanged with a con- 
tinuous transfer function. Equation (9-26) 
is included to emphasize the fact that the 
starred product of two Laplace transforms is 
not equal to the product of the corresponding 
starred transforms. 


The equations relating to Fig. 9-10 [Eqs. 
(9-27) through (9-29)] introduce some of 
the properties of sampled-data feedback sys- 
tems. In particular, the stability of a sampled- 
data system is related directly to the zeros of 
the following expression: 


1+ G*(s) =0 (9-30) 


If any of the roots of this equation lie in the 
right half of the s plane, the system is un- 
stable. Nyquist’s criterion (Par. 4-3) can be 
applied directly to determine the stability of 
sampled-data systems, except for one modifi- 
cation. Since G* (sf is a periodic function, it 
has an infinite number of poles and zeros, but 
the pole-zero configuration is repeated for 
every multiple of j. Similarly, the G*(s) 
locus in the s plane is repeated every time s 
changes by jn. Because the G*(s) plot is 
symmetrical about the rea] axis in the s plane, 
G*(s) need only be plotted for 0 < jw < 72/2 
when s = jw. In practice, the s-plane contour 


INFINITE 
SEMICIRCLE 






s-0 


\ 


0<jo<+i¥9 


A. G*(s) PLANE 


and the corresponding G*(s) locus are as 
shown in Fig. 9-11 when the Nyquist cri- 
terion is applied. In terms of the z plane, Eq. 
(9-30) becomes 

14+ G*(z) =0 (9-31) 
The stability of the system is determined by 
plotting G*(z) as z traverses the unit circle. 
If there are any roots of Eq. (9-31) that lie 
inside the unit circle, the system is unstable. 
The difficulty encountered in plotting G*(s) 
or G*(z) from the required variation of s or 
z is removed when the w transform is in- 
troduced. G*(w) is easily handled since it is 
expressible as a rational function of a fre- 
quency variable. 


Example. Consider a simple servomecha- 
nism with block diagram shown in Fig. 9-10. 
The physical device includes a sampler- 
clamper (See Par. 9-1), a servomotor having 
a one-second time constant, and an ideal am- 
plifier. The transfer function of the continu- 
ous portion [including the filter as in Eq. 
(9-1) ] is given by Eq. (9-32). 


1 


1 — e* T 
s(s+1) 


s 


= 1 sec. 
(9-32) 





G(s) =K ( 


INFINITE STRIP 





B. s PLANE 


Fig. 9-11 Relations between s and G*(s) for application of Nyquist criterion. 
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From Eq. (9-7), we obtain 


— G*(s) = 
Q—e) $ —_______ 
n=—o ($+ jnQ)? (1+ s+ jnQ) 


(9-33) 
where 0 = 2n/T = 2x. 

This function is difficult to plot for s = jw. 
Taking the z transform of Eq. (9-32), we get 
z(0.264z + 0.368) 
(0.3682 — 1) (2 — 1) 


This function is difficult to plot for z = e. 
Letting 


<- G* (2) = (9-34) 


we ea. (9-35) 


1+w 
the w transform of Eq. (9-32) is found to be 
(1 — w) (0.632 + 0.104w) 
(0.632 + 1.368w) (2w) 
(9-36) 


when w — jv, the function in Eq. (9-36) is 
easily handled by conventional techniques 
since the relation between the w plane and the 
G*(w) plane is the same kind of relation as 
that which exists between the s plane and the 
G(s) plane. If the real frequency w is to be 
considered, then there is an added difficulty 
in that Eq. (9-20) must be used to calibrate 
the frequency locus. The asymptotic and 
gain-phase plane techniques can be used with 
a change only in the relation between v and w. 





. G* (w) == 


9-3.3 ADDITIONAL PROPERTIES OF SAMPLED 
FUNCTIONS 


(a) G*(er7) = 








1 tie 1 
— G d 9-37 
oni I (p) F eae >| p ( ) 
(b) If G(s) — 6 and D(s) has only 
D(s) 
simple poles, 
‘kA (S,) 1 
* -T\y — 
G (e ) = = B’ (sy) 1 — ett—+,) 
(9-38) 
where s, is the nth pole of G(s). 
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(c) If the z transform of a time function 
r(t) is given, the value of the time function 
at the sampling instants can be found from 


r*t—r(nT) = aif R* (z) 2! dz 
21) 
(9-39) 
where the contour integration in the z plane 


is along a path that encloses all the singular 
points of R* (z)z'. 


(d) Initial-Value Theorem: 


lim T(t) = lim (1 — z) R*(z) (9-40) 


(e) Final-Value Theorem: If R* (z) has all 

its poles outside the unit circle of the z plane, 
lim r(t) = lim (1 — z) R*(z) (9-41) 
too z>l1 


(f) Fors — = FU ~ 0,1, 2,...), G*(z) 


21 ) 


. Gan 
T 

(zg) The degree of the denominator of 

G*(z) in z always equals the degree of the 

denominator of G(s) in s if G(s) is rational. 


(h) The poles of G*(z) 


is always real ( 


in the strip 
-i5< Im(s) < + jin the s plane are the 


poles of G(s) in the s plane. 


(1) Changing the values of the poles of 
G(s) changes the coefficients A (s,)/B’ (s,) 
as well as the terms 1/(1 — zet7™*.) in the 
partial-fraction expansion of G*(z) [Eq. 
(9-38) ]. 

(j) Insertion of zeros in G(s) changes 
only the coefficients A (s,)/B’ (s_). 


(k) The number of poles of G*(z) atz = 1 
is equal to the number of poles of R(s) at 
s = 0. 

(1) In terms of the w transform, the ini- 
tial value theorem is 


lim +(t) = lim (—) R*(w) (9-42) 
t>0 w>1 \l+w 

and the final-value theorem is 
lim r(t) — lim (—) R*(w) (9-43) 
t->oo w->0 1 + WwW 
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9-4 DESIGN TECHNIQUES 


The problem of designing a sampled-data 
system is complicated by the fact that the 
system can contain both discrete and contin- 
uous elements. In addition, direct application 
of z-transform theory merely gives the re- 
sponse at the sampling instants, but the be- 
havior during the sampling instants cannot 
be determined by simple methods. 


The insertion of a sampling device in an 
otherwise continuous system to produce a 
sampled-data system introduces the following 
limitations : 

(a) A greater tendency towards instabil- 
ity results. 

(b) Ripple components arise in the output 
at the sampling frequency and its harmonics. 

(c) The usable bandwidth of the system is 
reduced to a fraction of the sampling fre- 
quency ©, the theoretical upper limit being 
0/2. 

To determine the gain necessary to sta- 
bilize the system for a specified M, in the 
closed-loop frequency response, the introduc- 
tion of the w transform greatly facilitates 
plotting the frequency locus as indicated in 
Par. 9-38. Conventional continuous-system 
techniques can be used. 


The root-locus procedure can be used in a 
conventional manner in the z plane to investi- 
gate the closed-loop pole-zero configuration. 
This procedure differs from that used for 
s-plane loci of continuous systems in that: 
(a) instability implies closed-loop poles in- 
side the unit circle of the z plane (as con- 
trasted to right-half-plane poles in continu- 
ous-system design), and (b) the dominant 
pole (or pole pair) is the pole nearest the 
point (1,0) in the z plane (as contrasted to 
poles nearest the origin in the s plane). 
Otherwise, conventional procedures can be 
used to investigate stability, relative stabil- 
ity, and the effect of compensation. 


Compensation of sampled-data systems 
with continuous networks (conventional lead 
and lag networks) is a difficult design prob- 
lem and is best treated by trial-and-error 
analysis. In many important applications 
discrete networks can be used for compensa- 
tion; for example, the use of digital compu- 
ters in fire-control systems provides the de- 
signer with an opportunity to use digital 
(discrete) filters in the compensation of the 
control system. Figure 9-12 shows the differ- 
ence between continuous and discrete com- 





B. DISCRETE COMPENSATION 


Fig. 9-12 Comparison between discrete and continuous compensation. 
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pensation. In Fig. 9-12A, G.(s) is the trans- 
fer function of a continuous network which 
is used to improve the closed-loop behavior ; 
G,(s) is the transfer function of the fixed 
elements. In Fig. 9-12B, G,*(s) is the trans- 
fer function of a digital network (digital 
program) used to improve system perform- 
ance. For the case of continuous compensa- 
tion, we have 


E*(s) _ 1 











== (9-44) 
R*(s) 1 + [G,(s)G,(s) ]* 
C(s) = G,(s) G;(s) (9-45) 
R*(s) 1+ [G,(s)G,(s)]* 
For digital compensation, we have 
oe) : (9-46) 


R*(s) = 14+ G,*(s)G,*(s) 


C(s) = G,(s)G.* (s) 
R*(s) 1 + G,* (s)G,* (s) 


Compensation with a digital network is a 
simpler analytical problem than continuous 
compensation because the effect of the com- 
pensation can be varied without altering the 
fixed-element contribution to the open-loop 
response G,*(s)G,*(s). For continuous 
compensation, the open-loop response is 
[G.(s)G,(s)]*, and altering the compensa- 
tion will alter the contribution of the fixed 
elements to the open-loop response. Conven- 
tional continuous system techniques can be 
used for synthesizing digital programs to 
compensate sampled-data systems; but if con- 
tinuous compensation is desired, a trial-and- 
error analytical procedure is necessary. 


(9-47) 


9-5 PERFORMANCE EVALUATION 


The determination of the time response of 
a sampled-data system can be carried out in 
closed form by the use of Eqs. (9-38) and 
(9-39). A simple numerical procedure for 
determining the values of the output at the 
sampling instants can be obtained by expand- 
ing the z transform of the output in a power 
series in z. Since z corresponds to a time 
delay of one sampling instant, the coefficients 
of the power-series expansion of a z trans- 
form are the values of the corresponding 
time function at the sampling instants, as 
can be seen from an examination of Eq. 
(9-10). The expansion is easily performed by 
dividing the numerator by the denominator 
since the z transform is a rational function. 


Example. 

Assume that the z transform of the output 
is given by: 
0.186 (z? + 1.392) 


* Se feted ee eee ce ee ee 
ee ey (0 eb? 11082 I 


Dividing the numerator by the denominator, 
the power series expansion of C*(z) is found 
to be 


C*(z) = (.26)z+ (.76) 22 + (1.17) 23 
+ (1.36) 2! + (1.38) z3 + (1.20) 28 
+ (1.07) 27 + (.99)z8+ (.96)29+4... 


The coefficients of this expansion are the 
sampled values of c(t), and the instant of 
occurrence is determined from the power of 
z in the appropriate term. The function is 
plotted in Fig. 9-138. 


An alternate method for finding the time 
response of a system is based on a difference- 
equation representation. Assume that 


C*(s) — A + aie“? + qe"? +... 


R*(s) bo + Bie"? + be T+... 
a Si : (9-48) 
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Fig. 9-13 Sampled-time function. 


Cross-multiplying, inverse transforming, and 
solving for c(nT), we obtain 


e(nT) = 7 [aur (mT) + air[(n — 1)T] 


i a op iT 
— bici(n — 2)T] —... (9-49) 


This is a general recurrence formula which 
enables one to calculate the present value 
c(nT) of the output in terms of a weighted 
sum of the present and past values of the 
input 7(t) and the past values of the output. 
The calculation is best carried out in tabular 
form. 


Example. Assume that the closed-loop trans- 
fer function of a sampled-data servomecha- 
nism 1s 

C*(z)  —s_ 1.82 

R*(z) 140.52 
If v(t) is a unit step, the tabular evaluation 


of c(nT) can be carried out as follows. Cross- 
multiplying, we get 


C1 05¢°? C*= 156" kh” 





Inverse transforming, we obtain 
c(nT) +.05 c[(n —1)T] 
—1.5r[(n —1)T] 
or 


e(nT) = 1.57r[(n —1)T] 
— 0.5c[ (n—1)T}] 


when r(nT) is a unit step, and where the sys- 
tem has been at rest so that c(—T) is zero, the 
calculation of c(nT) can be carried out in tab- 


ular form as follows: 
1.5r —0.5c 
[(n—1)T] [(n —1)T] c(nT) 
0 0 


1.5 0 


= 









Oononi o»#rkrk WwW YN - © 


The values in the last column are plotted in 
Fig. 9-14. In general, it is necessary to know 
the value of c(nT) for values of n correspond- 
ing to time prior to the beginning of the tran- 
sient. If the system is of kth order, it is neces- 
sary to know c(nT) for k prior to the samples. 
This corresponds to the need for knowing the 
initial conditions in any transient problem. 








ge Oe 


Fig. 9-14 Step response of sampled-data system. 


9-11 

















THEORY 


Since the z transform does not give the 
value of the output between sampling instants, 
Lago and Truxal™ have suggested a method 
which enables one to determine the output at 
submultiples of the sampling period 7. A fic- 
titious impulse modulator is placed immedi- 
ately after the actual one (Fig. 9-15). The fic- 
titious sampler has a sampling period which 
is an integral submultiple of 7’; 1.e., 


a - (9-50) 
n 
As a result, we can write 
‘ R* (2") . 
Cc ea GG 9-51 
Gas + G2") (z) (9-51) 


where G’* (z) and C’* (z) are z transforms of 
g(t) and c(t) with respect to the period 7”, 
and R*(z") and G*(z") are z transforms of 
r(t) and g(t) with respect to the period 7 but 
with z replaced by 2". 


An extension of the method above is given by 
Barker. *4) In this extended method, the out- 
put at any time between sampling instants can 
be found. If we refer to Fig. 9-16, it can be 
seen that the artificial delay produces a signal 
c’(t) which one can sample in order to observe 
the values which will occur between the values 
of c*(t). We find that 


G* (z,m) 


C’* (zm) = 1+ G*(2) 


R*(z) (9-52) 


where G*(z,m) is a modified z transform. 
G*(z,m) is evaluated by assuming that g(t) 
is sampled at t = (n + m — 1)T instead of at 
t — nT.A brief table of modified z transforms 
is listed in Table 9-2. A more extensive table is 
given by Barker.'*4) The use of Eq. (9-52) 
enables one to scan the output by varying m 
between zero and unity. Thus, the variation of 
the output between sampling instants is ob- 
served, and a study of the ripple can be made. 
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Fig. 9-15 Determination of c(t) between sampling 
instants by sampling at nQ rad/sec. 





Fig. 9-16 Determination of c(t) between sampling 
instants through the use of an artificial delay. 


The error coefficients of a sampled-data sys- 
tem may be obtained from the expression 


= salar beer). 


Since E* (s)/R*(s) is a rational function in z, 
where z = e~', we can expand it in a Taylor 
series (in z) about the point z= 1 (s = 0). 
Then, by using the infinite series expansion of 
e*T and rearranging terms, we can easily 
obtain the Taylor series expansion of 
E* (s)/R*(s) in terms of s ats = 0: 


d" 
dg” 


E*(s) 
R*(s) 


(9-53) 





=a +a,(2—1) + a2(z —1)? 


+agz(z—1)%+... 
(9-54) 
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or TABLE 9-2 MODIFIED z TRANSFORMS 


E* (s) 
R* (s) 





=a) — T(a;)s + T? (az +3) 8 


—T(as+ a+ )st+... (9-55) 

The techniques described in this section can 
be used to obtain the transient response, the 
ripple, and the error coefficients of a sampled- 
data system. Using trial-and-error procedures 
and the conventional continuous-system de- 
sign techniques, the evaluation of a given sys- 
tem in terms of a set of performance specifica- 
tions is a straightforward matter. 
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CHAPTER 10 


NONLINEAR SYSTEMS* 


10-1 INTRODUCTION 


All of the techniques of system analysis 
discussed in previous chapters are restricted 
in their application to linear systems. This 
restriction imposes two limitations on design. 
First, components must be of high quality if 
they are to operate in a linear manner when 
amplitudes and frequencies of signals vary 
widely. Second, the linearity restriction limits 
the realizable system characteristics, the 
types of systems, and the tasks that can be 
accomplished. 

Nonlinearities are generally of two types: 


incidental and intentional. Incidental nonlin- 
earities are secondary effects which limit per- 
formance in otherwise linear systems. Exam- 
ples of phenomena that introduce incidental 
nonlinearities include backlash, saturation, 
dead zone, hysteresis, and coulomb friction. 
On the other hand, intentional nonlinearities 
are those introduced purposely to improve the 
characteristics of systems or to alter them in 
specified ways. The contactor (on-off or relay) 
servo is the most extreme example of such an 
intentionally nonlinear system. 


10-2 DESCRIBING FUNCTION PROCEDURES (77212:13:15:18:19.21,22,31,35,36,42,50,51,52) 


One problem to be analyzed in an investiga- 
tion of nonlinear system behavior is that con- 
cerned with the question of stability. A 
method of studying this problem utilizes the 
describing-function procedure. The applica- 
tion of the describing-function procedure en- 
ables the designer to predict whether or not 
a closed-loop system containing a nonlinear 
element will be stable. A system is said to be 
stable if, after a sudden input or disturbance, 
it eventually comes to rest. In some systems 
the existence of a stable oscillation is accept- 
able provided the amplitude of the oscillation 
is small. A typical case is a relay control sys- 
tem where a small amplitude oscillation may 
be acceptable if the cost of eliminating the 


*By L.A. Gould 
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oscillation is too high. A system is said to be 
unstable if a finite input or disturbance to the 
system results in an output oscillation that 
tends to grow without bound. 


The describing-function method is based on 
three assumptions: 


(a) There is only one nonlinear element in 
the system. If there are more than one, that 
part of the system including all nonlinearities 
is treated as a single nonlinear component. 


(b) The characteristics of the nonlinear 
element are independent of time. They depend 
only on the present value and past history of 
the input to the element. 


(c) If the input to the nonlinear element is 
sinusoidal, only the fundamental sinusoidal 
component of the output of the element con- 
tributes to the input of this element. 
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The last assumption is the heart of the 
method. It is applicable when the amplitude 
of the harmonics generated by the nonlinear- 
ity decreases and when the elements that fol- 
low the nonlinearity have low-pass character- 
istics. 

Referring to Fig. 10-1, the method of anal- 
ysis ig as follows. The input x(t) to the non- 
linear element N is assumed to be sinusoidal 
with amplitude X and frequency w. The output 
y(t) will be periodic (but nonsinusoidal) with 
the same frequency w. A Fourier analysis of 
tthe output waveform is made and all frequen- 
cles except the fundamental are ignored. The 
amplitude Y, of the fundamental will, in gen- 
eral, be a function of X and w, as will be the 
phase angle of the fundamental relative to the 
input. The describing function of the non- 
linear element is defined as a complex num- 
ber whose magnitude is Y,/X, the ratio of the 
amplitude of the fundamental component of 
the output to the amplitude of the input, and 
whose angle is the phase angle of the funda- 


mental component of the output relative to the 
phase angle of the input. The describing func- 
tion is usually denoted by N (X, w). Symbol- 
ically, if 

x(t) = X sin at 
then 

y(t) = Y, sin (wt + ¢1) + Yo2 sin 

(wt + do) + Y33 sin (wt + ¢3+... 


(10-1) 


(10-2) 
and 
Y, 
LV (Xo) | = (10-3) 
ZN(X,w) = 41 (10-4) 


The describing functions of several impor- 
tant nonlinearities will now be presented. 
Figure 10-2 shows the input-output character- 
istic of a contactor with inactive zone A (dead 
zone) and hysteresis h. The amplitude and 
phase curves of the describing function N of 


OUTPUT Y 





Fig. 10-1 Nonlinear feedback control system. 
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Fig. 10-2 Dimensionless representation of contactor 
characteristics (case involving both inactive 
zone and hysteresis). 


Adapted by permission from Transactions of the AIEE, Volume 
69, Part I, 1950, from article entitled ‘A Frequency Response 
Method for Analyzing and Synthesizing Contactor Servomecha- 
nisms’, by R. J. Kochenburger. 











THEORY 





this contactor as functions of the input ampli- 
tude X appear in Fig. 10-3. Figure 10-4 shows 
the input-output characteristics of a nonlinear 
element containing both dead zone D and sat- 
uration S. No phase shift is associated with 
this element since, in general, phase shift will 
not occur for a single-valued nonlinearity. The 
describing function for no saturation (S>. ) 
is presented in Fig. 10-5. The describing 
function for no dead zone (D = 0) is present- 
ed in Fig. 10-6. Describing functions for vari- 
ous combinations of dead zone and saturation 
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PHASE-SHIFT OF CONTACTOR Ang N 
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appear in Fig. 10-7. Figure 10-8 shows the in- 
put-output characteristic of a nonlinear ele- 
ment characterized by hysteresis (backlash or 
free play). The describing function for this 
nonlinearity is presented in Fig. 10-9. Other 
describing functions for more complex non- 
linearities can be derived for the particular 
case being considered. Additional describing 
functions are given in the literature. 1519.2") 
The procedure for using the describing 
function to predict the nature of the stability 
of a nonlinear system follows. Referring to 


ttt TTA Tt 
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Fig. 10-3 Plot of the describing function N (simple contactor with hysteresis ratio h/A). 


Adapted by permission from Transactions of the AIEE, Volume 
69, Part I, 1950, from article entitled ‘A Frequency Response 
Method for Analyzing and Synthesizing Contactor Servomecha- 
nisms’, by R. J. Kochenburger. 
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Fig. 10-4. Nonlinear characteristic with dead zone 
and saturation. 


ermission from Automatic Feedback Control System Syn- 
Copyright, 1955, McGraw-Hill Book 


By 
thesis\ by J. G. Truxal, 
Company, Ine. 





Fig. 10-5 Describing function for dead zone: 


Adapted by permission from Automatic Feedback Control Sys- 
tem Synthesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill 
Book Company, Inc. 


Fig. 10-10, the linear and sunlinear portions 
of the system are separated into two parts; 
the describing function N applies to one part, 
and the response of the linear elements G to 
the other. The gain-phase plane is employed 
for plotting the negative reciprocal (—1/N) 
of the describing function. The response 
G (jw) of the linear elements is also plotted on 





Fig. 10-6 Describing function for saturation. 


Adapted by permission from Automatic Feedback Control Sys- 
tem Synthesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill 
Book Company, Ince. 
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Fig. 10-7 Describing function for saturation and 
dead zone. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 


the same plane. If the —1/N locus and the 
G(jw) locus do not intersect, the system is 
Stable and does not oscillate. If the —1/N 
locus and the G(jw) locus do intersect (two 
types of intersections can occur), the system 
may or may not be oscillatory. The describing 
function for a contactor with hysteresis and 
dead zone is sketched in Fig. 10-11 wherein 
the types of intersections of the —1/N locus 
with a G(jw) locus are shown. The parameter 
along the —1/N locus is the amplitude X of 
the assumed sinusoidal input to the nonlinear 





















OUTPUT y 


SLOPE = 1 


INPUT x 


Fig. 10-8 HySteresis nonlinearity. 


(A) MAGNITUDE [| 


RATIO H/X 


Fig. 10-9 Describing function for hysteresis-type 
nonlinear element. 





(B) PHASE ZN 
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Fig. 10-11 Stability determination with 
describing function. 


element. Three cases illustrating the types of 
intersection of the G(jw) locus with the 
—1/N locus are shown in Fig. 10-11. 


Case 1. The G(jw) locus does not intersect 
the —1/N locus. The system is stable and no 
oscillation occurs. 


Case 2. The G(jw) locus intersects the 
—1/N locus at two points A and B. Point A is 
called a divergent equilibrium point since 
sustained oscillations cannot be maintained at 
the frequency w, and amplitude X , associated 
with A. The existence of a divergent equili- 
brium can be determined by treating the 
—1/N locus as one treats the —1-+ 70 point 
in the study of the stability of linear systems. 
If the amplitude X associated with point A de- 
creases slightly, the G(jw) locus will be lo- 
cated in a stable position with respect to the 
—1/N point, and oscillations will tend to die 





Adapted by permission from Transactions of the AIEE, Volume 
72, Part II, 1953, from article entitled ‘Describing Function 
Method of Servomechanism Analysis Applied to Most Commonly 
Encountered Nonlinearities’, by H. D. Grief. 


out. If the amplitude X tends to increase from 
X,, the G(jw) locus encloses the —1/N point 
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(corresponding to instability), and the ampli- 
tude of oscillation will tend to increase. Thus, 
oscillation cannot be maintained at A. How- 
ever, point B is a point of convergent equilib- 
rium, as can be determined by letting the 
amplitude X both increase and decrease rela- 
tive to X,. In each case, the tendency will be 
for the amplitude of the oscillation to head 
back to point B. Thus, the convergent equilib- 
rium point B determines an amplitude Xz», 
(read offthe —1/N locus) and a frequency 
wp, [read off the G(jw) locus] at which a sus- 
tained oscillation occurs. 


Case 3. The G(jw) locus intersects the 
—1/N locus at point C. This is a convergent 
equilibrium point, as can be determined by 
letting the amplitude X increase or decrease 
relative to the amplitude X, associated with 
the intersection C. In each case, the amplitude 
of oscillation will tend to return to X.. 


The describing-function method thus pre- 
dicts the stability of nonlinear systems, as 
described above. If intersections occur be- 
tween the —1/N locus and the G(jw) locus, 
the amplitude and frequency of convergent 
oscillations can be predicted to an accuracy 
that is determined by the assumptions inher- 
ent in the method. Techniques for estimating 
the accuracy of the results are given in ref- 
erences 15 and 52. 


The describing-function procedure breaks 
down if the two loci (—1/N and G) approach 
each other without intersecting, are tangent, 
or intersect at a small angle. In these situa- 
tions one cannot be certain as to whether or 
not oscillations exist. 


In general, the accuracy of the describing- 
function method increases as the cutoff rate 
of the linear element (following the nonlinear 
element) increases. The accuracy may de- 
crease if the linear element exhibits a sharp 
resonance. 


The describing-function procedure is use- 
ful in predicting the closed-loop frequency re- 
sponse of a system containing an incidental 
nonlinearity when no oscillation can occur. 
Thereby, peculiarities in measured charac- 
teristics can be explained, and quantitative 


estimates of nonlinear effects can be made. By 
treating the —1/N locus as the equivalent of 
the —1 + 70 point of conventional linear anal- 
ysis, the degree of stability of a system con- 
taining a nonlinear element may be estimated. 
Instead of aligning the (—180°, 0 dg) point of 
the Nichols chart with the (—180°, 0 dg) 
point of the G (jw) locus in order to determine 
M,, as is done when a linear element is pres- 
ent, the (—180°, 0 dg) point of the Nichols 
chart is aligned with a point chosen on the 
—1/N locus of the nonlinear element for a 
given amplitude X of the input to the element, 
when a nonlinear element is present. The tan- 
gency of the G locus (plotted on the same co- 
ordinates as the —1/N locus) to an M contour 
of the Nichols chart will] then be an indication 
of the degree of stability associated with the 
chosen amplitude X. Moving the (—180°, 0 
dg) point of the Nichols chart along the —1/N 
locus is equivalent to changing the amplitude 
X of the input to the nonlinear element. By 
this means, the variation of the degree of 
stability (as measured by M,) can be deter- 
mined as a function of the amplitude of the 
input to the nonlinear element. The relation 
between the amplitude X (input to nonlinear 
element) and the reference-input amplitude 
R can be determined for each M, value from 
the following relations (see Fig. 10-1). 


y= ML 1G2tiod| x 
Pp 


where w, is the frequency associated with the 
point of M, tangency for each value of X 
along the —1/N locus. 


These methods can be extended to deter- 
mine the entire frequency response of a sys- 
tem by noting the intersections of other M 
contours with the G locus at each value of X 
and using the following relations to deter- 
mine the input amplitude (or amplitudes) R 
associated with each value of X: 


(10-5) 











Go) este See ATATTRTON G, (jw) N Geo(jw) | (10-6) 
R (jw) 1+ G, (jw) N Ge(jw) 

raFa he _ C (jw) (10-7) 
R (jw) | NG, em R (jw) 


10-6 











THEORY 








Example. A relay (contactor) servomech- 
anism employs a relay with a ratio of hyster- 
esis h to dead zone A of 0.5. The describing 
function of the relay is plotted in Fig. 10-12 
as a function of the normalized input ampli- 
tude a, where a = X/A. The linear element 
G,(jw) is a pure gain K (see Fig. 10-1). The 
linear element G.(jw) is represented by the 
relation 


1 
jw (0.057 + 1) 


The block diagram of the system is shown in 
Fig. 10-13. The response G,G. of the linear 
elements is plotted in Fig. 10-12 with K/A = 
20 as c .rve (B). No intersection occurs, and 
so the system is stable. If the gain factor K 
is increased by 8.5 dg (a factor of 7.1), curve 
(A) is obtained. Now, an intersection occurs 
for a = 0.9 and wm = 55 rad/sec. This intersec- 
tion is a convergent equilibrium point, and “180° -160° -140° -120°  =+00° -80° 
the system will therefore oscillate at 55 rad/ 
sec with an error amplitude EF = 0.00635 


Ge(jw) = 





Fig. 10-12 Contactor servomechanism study. 





since 
IE| = a 
[K/A] 
and 
K/A = 142 





For the stable case, curve (B) of Fig. 10-12 
and Eq. (10-5) are used to determine the 
variation of M, with the magnitude |R| of the 
sinusoidal input. The results are plotted in 
Fig. 10-14. 





Fig. 10-14 Degree of stability variation with input 
amplitude for contactor servomechanism. 
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10-3 PHASE-PLANE PROCEDURES 77(°:622:%4:25:26:27,30,34,39AQAIA4AGA7AG,51,52,53) 


The main limitation of the describing- 
function procedure is that it cannot predict 
the response of stable nonlinear systems to 
inputs that are not sinusoidal. In contrast, the 
phase-plane method is an attempt to describe 
the response of nonlinear systems to specific 
transient inputs. In this method, attention is 
focused on the differential equations that 
describe the system, and the behavior of the 
system is studied by plotting velocity versus 
displacement with time as a parameter. This 
velocity-displacement plane is called the phase 
plane. Only second-order systems can be 
handled in the phase plane although attempts 
have been made to treat higher-order systems 
by a phase-space representation. (34,40.46.47,48,53) 


Phase-plane analysis is concerned with the 
characteristics of the differential equation 


(10-8) 


The phase-plane portrait of the system is a 
plot of the velocity x as a function of the dis- 
placement x, the plot being a family of curves 
depending on the initial conditions 7(0) and 
x(0). Once the initial conditions have been 
specified, the behavior of the system is deter- 
mined completely by the curve in the phase 
plane corresponding to the given initial con- 
ditions. Thus, the phase-plane approach is 
most useful in determining the response of a 
system to a step input. Since a step input does 
not always occur in practice, the application 
of the phase-plane technique is severely re- 
stricted when the response to other types of 
inputs is sought. 


xcta(xzxe)x+ b(21,2)¢4 = 0 


As an example, consider a second-order 
linear system whose characteristic equation 
1S 


x + 2lw, x + w,? x = 0 (10-9) 


If the velocity x is treated as a new variable 
y, then, by eliminating the dependence of the 
above equation on time, there results 


dy 
dx 


x 


+2Cw, + On? — = 0 (10-10) 
y 


Equation (10-10) is a first-order equation 
for y as a function of x and has a family of 
solutions depending on the initial values y (0) 
and x(0). Each solution is called a phase 
trajectory, and the totality of solutions is the 
phase-plane portrait of the system. The phase 
trajectories for Eq. (10-10) are shown in 
Fig. 10-15 for ¢ = 0.5. In this figure, if the 
initial conditions correspond to the point Ao, 
then the motion of the system is completely 
described by the trajectory AyA,A»A3A4A;Ag6 
with time increasing in the direction of the 
arrows. 


In a more general case, it may be very diffi- 
cult to solve the equation that describes the 
trajectories. A graphical procedure involving 
the determination of the isoclines (lines of 
equal slope) is then possible.“ Referring to 
Eq. (10-8), the slope of the phase trajectories 
is found to be 


dy 

dx 
By setting the right side of this equation 
equal to a constant, a curve connecting points 
of equal slope is determined. The isoclines 
thus obtained are plotted in the phase plane, 
and the slopes of the various phase trajec- 
tories can be drawn directly on the isoclines. 
If a large number of isoclines are drawn, the 
phase trajectories can be accurately deter- 
mined. 


Once the phase portrait of a system has 
been constructed, the behavior of the system 
can be investigated. If the response of the 
system for a given set of initial conditions is 
sought, the corresponding phase trajectory 
determines the response. The variation of 
time ¢ along the trajectory can be ascertained 
from the relation 

(= A dx 

y 

The nature of the stability of the system 
can be determined by an investigation of the 
singular points of the system. If the behavior 


= —a(x,y) — b(a,y) — (10-11) 
y 


(10-12) 


10-8 








(10-15) 
16) 


(10 
(10-17) 


(10-18) 


=0 


y) 


’ 


x= a(x —a) + a.(y — b) 


y = b,(x — a) + b2(y — b) 
where a, a», b;, and b. are coefficients of the 


expansion. Six types of singular points can 


P(x,y) =0 
occur : 


Q(x 
The linearized forms of Eqs. (10-13) and 


(10-14) at the singular point x =aandy = b 


lected. Thus, the singular points are deter- 
become 


the first-order terms in expansion are neg- 
mined from the solutions of the equations 
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(10-13) 
(10-14) 


is made about the point, and all but 


x= P(x,y) 


y = Q(4,y) 
system is stable; whereas, if they diverge 


the singular points of the system and repre- 
sent equilibrium states of the system. If the 
trajectories approach a singular point, the 
from the singular point, the system may be 
unstable. To investigate the nature of the 
equilibrium at a singular point, a Taylor 
series expansion of the functions P(2x,y) and 


of a second-order system can be described by 
the points at which x == 0 and y = 0 are called 


the two first-order equations 


Q (x,y) 
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Fig. 10-15 Phase portrait of linear second-order system with ¢ = 0.5. 


Truxal, Copyright, 1955, McGraw-Hill Book 


By permission from Automatic Feedback Control System Syn- 


thesis, by J. G. 


Company, Ine. 
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(a) Stable node (Fig. 10-16) 


(a, + bs) < 0 (10-19) 

(a, + bo)? > 4(a,b.2 — aeb;) (10-20) 

(b) Unstable node (Fig. 10-17) : 
(a, +b2) > 0 (10-21) 

(a, + be)? > 4(a,b2 — a2b;) (10-22) 

(c) Stable focus (Fig. 10-18) 

(a, + bo) < 0 (10-23) Fig. 10-17 Portrait in the vicinity of an 
Ce ee eee (10-24) unstable node. 

(d) Unstable focus (Fig. 10-19) theta i c ety Meche 196, Ce HAP oie 
(a, + bs) > 90 (10-25) 

(a, + be)? < 4(a,b2 — azb;) (10-26) 

(e) Center (Fig. 10-20) 

(a, + bs) = 0 (10-27) y 

(a,b, — ayb,) > 0 (10-28) 


(f) Saddle point (Fig. 10-21) 


(a, + b.) = 0 (10-29) 
(a,b. as avb;) < 0 (10-30) i vs 
(oS 


The relations among the various singular NY : 
points and the Taylor series coefficients given 
by Eqs. (10-19) through (10-30) are sum- 


marized in Fig. 10-22. 





Fig. 10-18 Portrait in the vicinity of a 
stable focus. 


By permission from Automatic Feedback Control System Syn- 
’ in a Ae od thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Fig. 10-16 Portrait in the vicinity of a stable node. Company, Ine. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 
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Fig. 10-19 Portrait in the vicinity of an 
unstable focus. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 


Fig. 10-20 Portrait in the vicinity of a center. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 


In the case of feedback control systems, the 
problem is simplified because Eq. (10-13) can 
be replaced by 


(10-31) 


and the Taylor series coefficients a, and a 
become 


xy 


(10-32) 
(10-33) 


a, = 90 


Q@e=1 


Fig. 10-2] Portrait in the neighborhood of a 
saddle point. 


Adapted by permission from Automatic Feedback Control Sys- 
tem Synthesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill 
Book Company, Inc. 


In addition to the determination of the 
singular points, a complete description of the 
stability of a system in the phase plane re- 
quires a determination of the limit cycles of 
the system. A limit cycle is an isolated closed 
path in the phase portrait which corresponds 
to a system oscillation of fixed amplitude and 
period. A limit cycle is stable or unstable 
depending upon whether the paths in the 
neighborhood converge toward the limit cycle 
or diverge away from it. Thus, there arise 
two general types of self-excitation of non- 
linear systems. Soft excitation occurs when a 
limit cycle encloses an unstable singular point 
(Fig. 10-23) ; hard excitation occurs when a 
limit cycle encloses a stable limit cycle or a 
stable singular point (Fig. 10-24). There is 
no definite method available for determining 
the limit cycles of a system or even if a limit 
cycle exists. The only approach is to deter- 
mine the convergent and divergent properties 
of the phase trajectories. Thus, if all trajec- 
tories are converging outside a circle C, 
(centered at the origin) and diverging inside 
a smaller circle C, (centered at the origin), 
then a stable limit cycle must exist between 
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—(a, + bo) 
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FOCUS 


CENTER 
(a, bo - a9 b,) 
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FOCUS 


UNSTABLE 
NODE 


Fig. 10-22 Types of singularities. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 
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Fig. 10-23 Portrait with soft self-excitation. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 





STABLE 
SINGULAR POINT 






STABLE 
LIMIT CYCLE 


Fig. 10-24 Portrait with hard self-excitation. 


By permission from Automatic Feedback Control System Syn- 
thesis, by J. G. Truxal, Copyright, 1955, McGraw-Hill Book 
Company, Inc. 


the two circles. In particular, an examination 
of the time rate of change of the distance r 
from the origin for small and large values of 
x and y can determine the divergent or con- 
vergent properties of the phase trajectories. 
Several other conditions for the existence of 
limit cycles have been determined.) Some of 
these conditions are the following: 

(a) No limit cycle exists in any region 
within which 


oP, 3Q 
ox oy 


does not change sign. 


(b) Within any limit cycle the number of 
nodes, foci, and centers must exceed the num- 
ber of saddle points by one. 


(c) If a trajectory stays inside a finite 
region and does not approach a singular 
point, then the trajectory must be a limit 
cycle or approach a limit cycle asymptoti- 
cally. 


Knowing the trajectories, the singular 
points, and the limit cycles of a system, the 
behavior of the system is completely deter- 
mined when the initial conditions are speci- 
fied. The determination of the trajectories 
and the singular points is a straightforward 
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procedure; the determination of the limit 
cycles, however, is more difficult. The com- 
plete phase portrait can then be used to deter- 


mine the nature of system stability, and the 
response of the system (if stable) is readily 
ascertained. 


10-4 LIMITATIONS, COMPENSATION, AND OTHER METHODS 


As discussed previously, the describing- 
function procedure is primarily effective in 
determining the existence of limit cycles and 
predicting the amplitudes and frequencies 
associated with stable limit cycles. To a lesser 
degree the describing-function procedure can 
be used to estimate qualitatively the degree 
of stability of stable nonlinear systems. In 
addition, the describing-function method can 
be used to determine the frequency response 
of nonlinear systems > therefore, it is helpful 
in explaining anomalous experimental results. 


The phase-plane procedure is useful in 
determining the exact nature of the stability 
of nonlinear systems in situations where the 
describing function method is inapplicable. 
In addition, the time response of a nonlinear 
system can be determined expeditiously 
through the use of the phase-plane so that a 
more quantitative estimate of the degree of 
stability of a system can be obtained. 


Unfortunately, neither the phase plane nor 
the describing function can be used to deter- 
mine the response of a nonlinear system to 
inputs other than simple steps or sinusoids. 
Since these elementary inputs rarely occur 
in practice, the utility of the two methods is 
severely restricted. 

When the input to a system is arbitrarily 
defined, it is necessary to use either numeri- 
cal computation (54.55.56) ory, more conveniently, 
analog or digital computers. The analog com- 
puter is an especially powerful aid in the 
study of nonlinear systems. 


Some specific remarks are in order regard- 
ing the stabilization and compensation of 
nonlinear systems. If the describing-function 
method is applicable, stabilization can be ac- 
complished by reshaping the response G (jw) 


of the linear element with conventional linear 
functions to eliminate intersections between 
the describing function and G(jw). A non- 
linear compensation function may be added 
to reshape the original describing function. 
If the added nonlinearity is separated from 
the original one by a low-pass filter, the de- 
scribing functions of the two nonlinearities 
can be multiplied directly to obtain the com- 
posite describing function of the nonlinearly 
compensated system. If the compensating 
nonlinearity immediately precedes or follows 
the original nonlinearity with no separation 
by filtering action, a new describing function 
must be determined by combining the input- 
output characteristics of the two nonlinear- 
ities. In the latter case, the effect of the added 
nonlinearity on the original describing-func- 
tion locus is much more difficult to visualize. 


A great deal of effort has been devoted to 
the study of ‘‘optimum” nonlinear systems. 
The basic assumption in these studies (5 11.23.24, 
25,27,30,34,41,44,46,48) ig that a system having a 
transient response (to a step input) that 
settles in a minimum period of time and has 
a minimum overshoot is an “optimum” sys- 
tem. The limitation of such “optimization” 
methods is due primarily to the fact that a 
nonlinear system will behave differently for 
different inputs. As a result, a system that 
has been ‘‘optimized”’ for a given step input 
may behave poorly for other step inputs of 
different magnitude, and it is likely that it 
will not behave in an optimum manner in 
response to other types of inputs. 


In conclusion, it should be said that the 
problems of stabilization, compensation, and 
optimization of nonlinear systems have, as 
yet, not been adequately treated. 
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